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PREFACE TO THE FIRST EDITION 


In preparing this volume mj object has been to treat the science 
of heat in n comprehensive manner, so as to produce, a tolerably 
complete account o i the whole subject in its experimental ns 
\tv 11 a? its theoretical aspect. I have consequently enjoyed a 
freedom in my choice of subject-matter, and mode of exposition, 
which would not have been possible in a work designed to meet 
the requirement a of some particular class of persons preparing 
for examinations or engaged in practical pursuits 

It is but a short time since the pursuit of experimental 
research was regarded merely as a matter of individual curiosity ■ 
but owing to thy high commeh-iid value and important bearings 


of immy of the recent discoveries in the Gelds of science, the 
public mind has now 1 »ecu m^ 6 1 » u» the conviction that 

knowledge is wealth. amI ^ the -utilSVducation of tlie 

people is a matter 

In the struggle for place it isTiiot surprising that the nobler 
aspect of science, as an instrument of education and culture, 
should be lost sight of in the popular desire for n mere acquaint¬ 
ance with the facts demanded by the exigencies of the moment. 
It cannot, however, be ton soon or too often impressed upon the 
beginner that an acquaintance with a number of facts does not 
constitute a scientific educaihn p and that there is no royal mud 
to learning other than that by which it is pursued for its 
own sake. 

The great lessons of history arc not to be found in the 
records of battles or in the details of infamous amours and 
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massacres, nor in the memory of the dates, but rather in the full 
knowledge of the inner meaning of events, and a due appre¬ 
ciation of their general bearing on the social development of 
man kind, St# also in science, that knowledge which is power is 
not the mere memory of facts, but the comprehension of their 
whole meaning in the story of nature. 

It is in the pursuit of tills knowledge that scientific theories 
are formed. Without a theory all our knowledge of nature would 
be reduced to a mere inventory of the results of observation. 
Every scientific theory must be regarded as an effort of the 
human mind to grasp the truth, and as long as it is consistent 
With the Facts, it forms a chain by winch they are linked 
together and woven into harmony. 

The fact that any theory, however plausible, may ultimately 
become untenable, demands its constant comparison with the 
results of experiments, and the closest scrutiny at every step of 
its developments In this respect, and also from an educational 
point of view, the historical method of treatment possesses many 
advantages in the exposition of any scientific subject When this 
method is combined with that detail in description and explana¬ 
tion which is necessary to secure instruction, and also with such 
suggestion and criticism as may excite intellectual life and inde¬ 
pendent thought on the part of the student, it does not lend 
itself readily to the production of a pocket edition of the sciences. 
It must be remembered, however, that the most fruitful method 
of exposition is not necessarily that by which a given number of 
facts may lie recorded in the smallest apace, but rather that by 
which they may be most easily assimilated by the mind, and 
most comprehensively grasped in their general bearings and 
mutual relations ■ and this is the method which is most calcu¬ 
lated to advance knowledge and raise the intellectual character 
of the individual 

I have now to express my obligations to the many sources 
of information which 1 have laid under contribution during the 
comparatively short time allotted to the preparation of this 
work. Due reference is given to the.se throughout the text, and 
it is hoped this may increase the usefulness of the book to thoge 
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wlio desire fuller information on ouy particular point. I liuve 
given in detail wliut may be called the classical experiments of 
the subject, and in addition I have noticed such other investi¬ 
gations as will give the student a general idea of the character 
of the work that has been done in each department up to the 
present time. The diagrams with which these descriptions are 
illustrated have all been prepared by Mr. J. l>. Cooper fl88 
Strand, Loudon) with exceptional attention and despatch. 

Such .subjects as the steam-engine and the theory of solutions 
have been omitted, as they demand, and have already obtained, 
separate treatment in special works. The kinetic theory of gases 
has only been entered into so far as to meet the immediate 
requirements of the subject in hand; and it would be desirable 
to treat this, and some other subjects usually dealt with in 
treatises on Heat, in a separate volume. 

In conclusion, 1 beg to offer my best thanks to Mr. Charles 
J. duly, M.A., of Trinity College, Dublin, and Professor Alex. 
Anderson of Queen’s College, Galway, for their kind assistance in 
reading the proofs. To Professor £4. F. Fitzgerald I am indebted 
for much valuable criticism and suggestion while the work was 
passing through the press, and also for the continuance of that 
generous assistance and advice with which he favoured me during 
the preparation of my work on the Thttyry of Light. 

THOMAS PRESTON. 

Dtf&LlS, January 19^4, 




PREFACE TO THE THIRD EDITION' 


ls T preparing tills edition for ihr press. 1 wished to reduce, if 
po&aiblov the sh'e of tike volume by omitting such pirns a$ 
seemed no longer to possess much scientific or historical interest. 
With this view, a good many descriptions of ex] tori mental work 
and tables have been either omitted or abridged, < Hviitg, however, 
to the am omit of new matter added, the si z*i of the book remains 
about the same as in the second edition. Nearly all tlie additions 
deal with matters of theoretical interest, juwminU of later ex- 
peri mental work having been very sparingly added. The chief 
addition is a new chapter on the kinetic theory of gases. In 
writing this chapter ^ieat pains have been taken to present the 
kinetic theory in a* .simple a form ns the nature of the subject 
will admit. I believe that all tlie most important results of tin* 
theory have been given, though in the case of a few I have 
found it necessary to refer the reader to special treatises for 
proofs. Applications of thermodynamics to problems in physical 
chemistry have not been given, as l regard them as outside the 
scope of the hook, 

I have made a great deal of uae of the Dynamical Theory of 
Gtf&t by J* II. Jeans in writing the lust chapter, ns well as in 
some other parts of the hook, 

I have to thank Professor W. II; Fad den On, K. li,S. h Pro- 
lessor J. A. M Olellaiid, F. IbS,. and Mr. H r IE. Poole r St-.lh, for 
valuable suggestions and advice. 

All additions to the work of the author have, as in tlie 
second edition, been included in square brackets, except the last 
chapter, which is all new, 

J. R COTTER 


Tills ITv Oit-LttJK, DCTDMS, 
fthfuart/ Iff lit 
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SECTION I 

INTRODUCTORY 

c Thkrk is, perhaps, no scientific inquiry more foil of Imitmliti 
interest than (be study of the nature of heat, and the maimer in which 
filter fi. general is affected by it. No brunch of physic*] science 
lft ao ultimately connected with the everyday occupations of life, 
and, consequently, mute of them interests mankind more closely. 

The influence of heat is Manifestly so universal, and its actions so 
important and necessary to the progress of at] the operation* of nature, 
Unit, to t hose who first considered it with some attention, it must have 
at Ones appeared to be the general principle of ail life and activity 
mi this globe. With its return iu springtime the bud breaks imo 
blossom, and new life animates the vegetable kingdom. By its agency 
the incubation of the egg progresses, a living thing is brought into 
the world, and heat is still necessary to its support. Finally, to the 
power which man has acquired over it is due that supernatural 
strength which has made him superior to all other animals, and master 
of hm*\ si} m 3 -Beit, 

It is not surprising, therefore, that an agent at once so powerful 
ami so serviceable, so beneficent and yet sometimes M > terrible* should 
have become a subject of adoration and worship among the inhabitants 
of the earth, but at first sight it may seem more than surprising that 
its Study ill early times should have been so much neglected. 

2. This indifference can only be attributed to that lack of atten¬ 
tion with which ‘men always regard those things which they are 
accustomed to use instinctively for their needs, and which they have 
before them at nil limes. The first instinct of man is to diiect and 
use |he forces of nature for the purpose* of life. Theorising follows 
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afterward*, The early acquisition of this practical knowledge is 
proved by mighty monuments which wore raised by the workmen of 
the earbeel historic times. The magnificent temples of India, the 
vast pyramids of Egypt* the noble architecture and sculpt i a re of lircece 
ami Borne, [jrove that the engineers of those days Had acquired a 
knowledge of some of the naetlnuls of transporting uyetopeau masses. 
Various hydraulic and pneumatic apparatus were certainly in vogue, 
and many engines were invented by Ctcsibus and His pupil Hero. 

The ancient philosophers were, however, strongly disinclined to 
impart their learning to the public* anil each in general communicated 
it only-to his special disciples. They all esteemed It act essential part 
of learning to be able to conceal their knowledge from the uninitiated* 
and even those who were most celebrated for their inventions were so 
infected by this superstition ihm they refrained from leaving any written 
account of their discoveries,—a practice which was certainly detrimental 
to the advancement of posterity, 

3, The quest ton r “What is heat?" must,, However, have been 
proposed and pondered over by all inquiring minds from the earliest 
times. Man could not go 03i for ever using tire to cook his food and 
warm liis body without seeking lo know something of l3lo source and 
nature of this agent. The inquiring mind cannot, re4t satisfied with 
the mere observation of the facts of nature, but is irresistibly Jed to 
investigate their origin and cause. The fact of highest interest and 
importance k that the sun illuminates anil warms the- earth, ami the 
questions which must have presented themselves earliest to the atten¬ 
tion of philosophers were, “What is light 1 3f and “What is heat!" 
A question of a much simpler order is, “What is sound f H and that 
any satisfactory answer has been obtained to the two former is 
probably owing to the proposition and solution of the latter. Amid 
the phenomena of sum id we deal with a medium which we did subject 
io experiment, and whose projtertics we can thoroughly examine, but 
in the phenomena of heat and light we step at once into the sanctuary 
of the unknown, from the domain of the visible ami tangible we 
puas into that of the invisible and intangible. The know n process, 
however, gives direction to the line of thought, and, reasoning by 
analogy, the imagination expands from the domains of the senses and 
embraces its thought the regions which lie beyond if. By observation 
and experiment i he human mind becomes acquainted w ith a knowledge 
of the properties and relations of things, and, reasoning upon (lie it], 
formation thus supplied, wq Hue to the explanation of the unknown 
and intangible by means of the ideas which wo have gained from what 
is known and tangible. 
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lliu reverse Jim I loss philosophic proeoes—the explanation ol the 
visible by means >*f the invisible -seams to have been the genera] 
luibit ol those who first speculated in physical science. In all the 
pursuits which requirod refined tun it and the native powers of ihe 
mtdh*!, the ancient Orests were pre-eminent. They poBeewod, as if 
instinctively,the perception of everything that is sublime nnd beautiful, 
f'hev were keen observers of men, but physical philosopher they 
lailerl, not perhaps from Wiint of genius or application, hut because 
they pursued a false path; because they rejtsoned more upon an 
imaginary system of nature than ujion an accurate knowledge of the 
facts, and tried to explain physical phenomena by resorting tu 
speculation more than to observation am! experiment. The general 
tendency was to explain the seen by means of the unseen, uni to 
apjeijil to the imagination rather than to observe facta, Thus, the 
general effects of heat were op/niwd by the invention of >r» ,te t 
whmh drove furiously through the pores of liodies, and loosened their 
molecules asunder, reducing solids to liquids, and liquids to vapours. 

4. The systematic study of heat, as n distinct branch of experi- 
niemal science, conun an ced little more than half a century ago. 

1 revioiisly the iiamre and effect* of heat (or fire) wore investigated 
only by the chemist, whose most powerful agent and ally it has 
always proved. One of the earliest attempts at theorising in chemistry 
originated in the explanation of the nature of combustion, and, con¬ 
sequently, iu tracing the origin and growth of tmr subject we are led 
hack to the early study and growth of the science of chemistry, and of 

experittiftHttil imjiLiiy in geiie-raj* 

Although the practice of alchemy seem* to have bean common 
among the Egyptians in very remote ages, yet the origin of experi¬ 
mental inquiry cannot be dated farther back than the seventh or eighth 
century of the Christian era. Its inception seems to have been eo- 
eval with the short period during which cultivation and scientific 
learning were promoted by the Arabians. Actuated by the desire for 
wealth, the alchemists ardently prosecuted the search after the artificial 
production of the noble metals, and visionary as may have been iheir 
hope?, yet they made exjicriineiite, and the experiments of tlm 
alchemists were more calculated to exiend the bounds of human 
knowledge than the speculations of tin; Greeks. 

While Greece and Italy sank into barbarism, the early Moham¬ 
medans, who had previously destroyed almost all the records of the 
progress of the human mind, rekindled the tight of learning, and 
became the cultivators of a new science. From Egypt, where they lie 
catue acquainted with the Aristotelian philosophy and chemistry, they 
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] >e net rated through Hurt hem Africa, and crossed over into Spain, 
and here aria and sciences flourished under their dominion. The 
academies of Spain wu re soon thronged with students from all parts 
of the Christ inn world, the knowledge of alchemy spread, and in the 
thirteenth century alchemists of the Arabian school were established 
in all the chief countries of -Euro|ie, 

S« Amongst a people njf conquerors disposed to sensuality and 
luxury, even from the very spirit of their religion, and who were 
romantic and magnificent in their views of power, it was not to he 
expected that any new science would he pursued in a rational and 
philosophic manner. As a consequence the early discoveries in 
chemistry led to the practice of alchemy, the objects of which were to 
produce a substance (tht phifosaph?r'& dun?) cajtable of converting a]] the 
other metals into gold, and to discover the dibit of lift —a universal 
remedy against aid age, calculated to preserve youth and prolong 
indefinitely the period of human life. 

The processes relating to the discovery of the philosopher’s stone 
and the elixir of life were probably widely diffused by moans of the 
Crusades, for many of the warriors who, animated with visionary plans 
of conquest, fought thy hartley of their religion in Palestine, seem 
to have returned to their native lands under the influence of a new 
delusion. 

At this time the public spirit of the West was calculated to assist 
the progress of all pursuits that carried with them the air of mysticism. 
Burning with the ardour of a rapidly extending and exalted religion, 
men were much more disposed to believe than to reason. In all times, 
however, the love of knowledge and power Inis been instinctive to 
the human mind ; in darkness it deal res light, and follows it with 
ardent enthusiasm, even when appearing in delusive glimmerings. 

0. r fV Middle Ages consequently nmiuilute what may be regarded 
as the heroic, or fabulous epoch in evperimental physics, and, us 
might be expected, their records contain a great variety of anecdotes 
relating to the transmutation of metals, and the views or pretensions 
of persons considered ;is adept* in alchemy* 

Some of those alchemist* were low impostors, whose object was to 
delude and defraud the credulous and ignorant. Others seem to have 
deceived thenisetves with vain hopes, but all followed the pursuit us a 
secret and mysterious study; The processes were communicated only 
ton few tho-cii di>yiples, and, lucitig veiled in the most obscures- and 
enigmatic language* tlndr importaia c was enhanced by their ambiguity* 

in [ill ages men have been governed more by what they desire or 
fear than by what they know, ami in this age it was ^irticularlv easv 
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deeeil ™. ‘"it difficult to enlighten, the public iniutJ,’ Truths, how¬ 
ever, were discovered, but they were so blended with Hie fjiJac and 
mar veil ons that another era was, required to se pirate them from eon- 
co mi Unit absurdity, and to demonstrate thotr true importance and 
UB&& 

The alchemists in chemistry have been somewhat like the pet- 
I>etual nwtionists in natural philosophy. Both, by seeking after the 
impossible, have led up to discoveries of the greatest importance and 
practical value. Both, like the fabled husbandmen of old, bv seekiii 1 ' 
after brilliant imjioesi hi lilies, sometimes discovered useful realities. 

7. Even in these tirue-n, however, progress was made, and there 
were some who essayed to form scientific views. Men of exceptional 
intellectual power were found differentiating themselves from the 
crowd, and seeking to connect natural phenomena with their physical 
principles. By the early alchemist- the elements had been placed 
under the dominion of spiritual beings, aurl their followers in Europe 
conceived gnomes and nymphs, sylphs and salamanders; genii and 
fairies, capable of being governed and enslaved by man. These 
spiritual agents seem to have originated with the alchemists, who all 
professed to believe in supernatural powers, in art art above H;*|ieri- 
tuent, ami a system of knowledge not derived from the Reuses. In 
addition, the systems of logic adopted in the schools were founded 
rather upon the analogies of words than upon the relations of things, 
and they were consequently more calculated to conceal error than to 
discover the truth. 

S. With the revival uf literature in Europe came the desire for 
philosophic discussion in the sciences. The diffusion of letters gradu¬ 
ally brought the opinions of men to the standard of truth and nature. 
Failure* in the experimental arts produced caution, and the frequent 
detection of imposture created rational scepticism. Science demended 
the extirpation of the godsend demons whiidi haunted it* domains, 
and called for absolute reliance upon law in nature. The supernatural 
was swept from the Held, .and gave place to a rational basis for natural 
phenomena, and the problems previously attacked from above were 
now approached from below. 

in (he beginning of the thirteenth century Roger Bacon of Oxford 
applied himself to observation and experiment with characteristic 

1 That the dclutiotis of ikhamy wrra inJifiitly ptimuri nifty tm leafn^rl from fhi'i 
uf the*- tin**, ill ISIS th* ak-hemiats wit* ojMinly edndi>mn*,t 1-v Pup- 
J °kn XX EL fctimpftvtjons whn promi^I what they did not jurfarm,. n.n>i Id England 
“ n Ant of PaiJifttn^ot wus ih the fifth year of the rrign of Henry IV. T Jid-eii, 

hUutEuj’ utinnj Jftfc at Irmnsnlutatfan, iml hindering thiun felon low*. 


THEORY Oh HEAT 


chap. ] 


G 

talent and sagacity. A man of truly philosophic turii T desirous of 
investigating nature, and of ex [ending the resources of art, hi* 
inquiries offered some very extraordimuy combinations, but neither 
hi* labaurs nor thoee of Albert of Cologne (a contemporary genius of 
kindred spirit) seem to have had any considerable influence ou the 
improvement of Ids age. The wonders performed by the experimental 
ai l were attributed by the vulgar to magic, and at a time when know¬ 
ledge resided only in the cloister any new- philosophy was regarded by 
the learned with a jealous eye. 

9. Before the time of Lord Bacon there hin t bee it no distinct views 
concerning the ail of experimental luqriiry H h was left for him to 
]K>int out how little could be effected by the unassisted human powers, 
lie directed the attention of inquirers to artificial resources and the 
one of instruments for assisting die senses, and for examining bodies 
under new relations. He taught that man was bin the servant and 
interpreter of nature, capable of discovering truth in no way but bv 
observing arid imitating her operations ; that facts were to be collected 
before speculations were formed ; and thar the materials for the 
foundations of true systems of knowledge were not to be discovered 
hi [he books of the ancient*, nor In metaphysical theories, nor in the 
fancies of men, but by observation of the visible urn] tangible in the 
external world. 

Facts are independent of taute and fashion, and arc subject to 
no code of criticism. They are perhaps more useful w hen they con¬ 
tradict than when they support received doctrines, for our theories 
at best are only unperfect approximations to the real knowledge of 
things, and in all physical research doubt is usually an incentive to 
now labours, and tends continually to the development of imth. The 
thoughts and questionings of man turn toward* i tie sources of natural 
phenomena and seek a knowledge of the actions which underlie them. 
By a process of abstraction from experience physical theories are 
formed which lie outside the pale of experience, but which satisfy the 
desire of the mind to see every event in nature i csting upon a cause. 
Natural philosophy is an expniifitafai and not an wttiiUm science, and 
n priori reasoning cannot alone conduct ns to a physical truth. We 
must endeavour to discover what it is, and not speculate un what it 
might ibe t or decide on what ought to have hccn T anil the causes and 
connections of the phenomena of nature have escaped the apprehension 
of man for ages by the wilful ignoring of this fact. 1 

!G + About the middle of the seven teem h century mathematical 
ajid physical Investigations were pursued In every part of the civilised 

1 SwTidPa Sktithuf Tk*rmQdtfH4imi&. Edintniigh : |**vM Doqgllu. 
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wortti with an enthusiasm lie fore unknown. The new mode of 
improving knowledge by collecting facts associated together a number 
uf labourers in the same pursuit, It was felt that the whole of nature 
was yet to be in vest I gated, and that there were distinct subject* 
connected with utility and glory p *uflideut to employ all inquirers, 
yet tending to the common end of promoting the progress of the 
human mind, 

[.earned bodies were formed in Italy, England, rind Franca, for the 
purpose of the interchange of opinions, the combination of labour, the 
division of exj»n*e in performing new LX|ierim 0 nts ? and the accuniii 
lataon ami dsEFnidrjn of knowledge, The Academy del C in ten to was 
established in i 65L, under the patronage of the Duke of Tuscanv ; 
the Eojal Society of London in IGGQ; and the Royal Academy of 
Sciences of Paris in 1G(16^ A number of celebrated men, who have 
been the great luminaries of the different departments of science, were 
brought together or arose in these noble establishment The ardour 
of scientific instigation was excited and kept alive by sympathy. 
T^tste wiis improve! by discussion, and by a campftrison of opinions. 
The conviction that useful discoveries would be appreciated and 
rewarded was a constant stimulus to industry, and every held of 
inquiry was open to the free and unbiassed exercise of the powers of 
genius, 

11. Chemistry had scarcely begun to assume the form of a science 
when the attention of all the most brilliant intellect* became directed 
to another object of research. The Newtonian philosophy sprang into 
full life at a single bound, and its objects were calculated hy their 
grandeur to mono|ioliae the attention of the most gifted men of the 
age, The offi&et occasioned on the scientific minds of the time has 
lieon compared to that which the new sensations of vision produce on 
the blind receiving sight The highest interest and most eullius fas Lie 
admiration were awakened> Bfid for nearly half a century the new 
&t udy engrosser! the thoughts of the moat eminent philosophers of 
Europe. 

At length the current of scientific thought began to Sow in other 
channels, and in the latter half of the eighteenth century the founda¬ 
tions of a systematic inquiry into the nature of heat were kid by 
ftlaek, Wilckcp Crawford, Irvine, ami Lavoisier, followed by ttmnford, 

1 ictet T Horschel, Leslie, Dalton, Davy, Gay-Lussac, and many others. 
Uit the basis thus firmly kid a noble edifice ha* since been raised, a 
lasting monument to the genius of the nineteenth century ; and from 
base to highest battlement may be traced the work of our illustrious 
countrymen—-Ranking Joule, and Thomson. 
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12. A review iA the opinions of the undents, ^kiicE of their *pccula- 
tioiirt iife physical science, may prove nimisrug inhume ]*arts r hut every. 
w hore ir is a most instructive tnak P Their writings on every branch 
[Kirijike more of the character of a record of ingenious speculation 
than of experimental inquiry, Hypotheses of a mystical character 
v^'ere framed to explain the phenomena of nature, and physical results 
were honed on meaningless dogmas. Men were told that the planets 
move in circles be.rau& circular mat ion is perfect, and *y stems of 
phystefi were founded on the assertion that “nature abhor* a vacuum 11 
and the Latin dogma, '‘causa equal eiTectum, 11 While this lasted 
progress in the physical sciences was impossible* Dogma was handed 
down from generation to generation, and free thought found na place 
in the schools of the Middle Ages, 

It is* however, unfair to bout of the progress of the nineteenth 
century as compared with that of the generations which have preceded 
it. At a time when little is known mtui grope after knowledge in the 
dark, and though the gateway may be near at hand, the entrance mav 
not be effected, until happily some one stumbles in by accident. Once 
entered, the passage become* easy for those who follow, and future 
pmpe- is enormously assisted l>y the history of the failures and 
successes of those who have gone before. Difference of native intel¬ 
lectual |wwer in different ages h not so much the cause of (he vary¬ 
ing success attending the labour* of men as the peculiar nature of 
the artificial resources and means in their possession. At all times 
progress is retarded by absolute reliance on ihe work of great masters. 
1 lie first function of the human mind i* to doubt, and to free itself 
from prejudice and fro tin all testimony which rosy deceive The sense??. 
Emancipation from the slavery of eugierstition and the influences of 
early education is a very slow process. Sentiment Is constitutional 
in mankind, and the strongest intellects hud it hard to break away 
from E he teach i j i g of t ho-uj w 1 h Oin t h oy I : a ve ea r ly 1c: l n i ed to revci res ice, 
even when its errors arc clearly and conclusively pointed out to them. 
1 1 1 mug ho ut this lung period the spirit of free inquiry was growing 
and gathering strength for a brave struggle against the superstition 
and mysticism in which it war entangled. The germ of true scieniijfiL 
inquiry finally took root and flourished. Intellectual health ensued, 
and resulted in scientific progress. The abominations of the alchemists 
w. re swept away, the spirits of Aftair dunppearod f nml the pursuit of 
science bocame the free inquiry sifter truth, 

Ihe history of such si period is therefore not merely a matter of 
curiosity. It h a great lesson to all subsequent ages. It shows that 
truth in physical -science is not to !*? sought for in dogma, nor can a 
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system of nature be built np from our inner con&ciou$iiQ&£ p but that it 
mi^l be sought for earnestly and honestly by patient observation and 
skilled experiment. 

h is sometimes asserted that metaphysical speculation is a thing 
of the past, and that physical science has extirpated \i r Rut as long 
as the mind of iiom U fresh, speculation will continue ns fas-emating as 
it was in the daye of Thales, Perhaps at no time has the ■icieiitific 
atmosphere been more pregnant with speculation than at present. 
Almost every day fresh iliseoverii* aro made and now theories formu¬ 
lated and advanced on doubtful or entirely hypothetical foundations. 
At thu same time the germs of all lurid* of mental disorders arc rife. 
Perpetual rootionieU and believers that the earth is flat have not yet 
become extinct. Spiritualists and tpmek scientists increase at an 
amassing pace, nnd the patent-medicine man grou> wealthy p while 
tin: >pii , k of true scientific inquiry ^icketj^ in the fierce struggle for 
existence. 




SECTION T[ 


PttfeLIHINAHV REMARKS uN Tills GENERAL EFFECTE uF HEAT, ANU ON 
THK U&AMNK OK T1EK TERMS I’SEI* IN TI1E srhJECT 

13. The Sense of Heat.—1 be Lenns hot and cold are primitive 
words ot the language referring to a certain class of sen sat ions which 
we experience through the s-w $et>f Kent. The non of touch is regarded 
by sonic its a double sense,, embracing that of heat as well ns that of 
force or resistance. When a body i* touched with the hand two very 
distinct sensations are in general exj>ertcneed # one a feeling of resiefc- 
aiice or force* and the other of warmth or coldness derived through 
what is termed our sense of heat. The latter etnas of sensation is also 
experienced when we sit in the sun or before the flre s or in the neigh 
bonrhood of any hot body g ami consequently to excite it actual contact 
with matter is not necessary. It is therefore not at at! obvious that 
the sense of heat is part of, or in any way related to, the sanso of 
touch. On the contrary, it appears to be much more closely related 
to the sense of sight, A IsoE l>ody is to be regarded as the source of 
au influence which affects the some of heat just a* a luminous bod? is 
regarded as the source of an influence affecting the sen^e nf night. 
The name given to the active agent in the former case is htni and in 
the latter hfthi T a.raf3 we shall see as the subject progresses that these 
two influences are of the same diameter, and that the nature of the 
Eietive agent in on^caae is the same as in the other. The sense of 
heat, therefore, is quite as distinct us the sense of sight, and is certainly 
le^s related to the sense of touch than is the sense of taste or smell, 
which both depend upon contact with some form of matter {see 
further, p. 31). 

14. Definition of Temperature, The words bat and cold, nr hot 
now Sl ud coldness., refer to the state of a body as judged by the sense 
of heat. By means of this sense we my t hat one body is hot and that 
another h cold, or that one body is hotter than another. If several 
pieces of ihc same substance ho given, we can by means of the sense of 
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heal, alone arrange them in urder so that each shall be la otter than 
all tint precede it in the merles and colder than all that come after. 

are hence led to the idea of a k<j/c of a rail to inquire how 

roach one body in bolter than another. 

The estimation of the hotness of a body must of course he relative 
to some scale or stand an] of measurement. When this standard is 
chosen we may speak scientifically of the hotness of a body, and for 
this purpose the word ttmpn’titart: is employed. The wort! temperature 
thns means simply the degree of hotness of a body measured accord 
lng to some arbitrarily ehoion scale. It is a vknfific term, and dekntifa 
contains all the meaning of the primitive word hot ness, as well ns ltfnEL 
the idea of a measure of the hotness. It embraces two conceptions-— 
hr At T the idea of equality of hotness, or that condition of two pieces of 
matter w hen they are said to have the aamo temperature; and secondly, 
the idea of difference of hotness and of its mode of measurement. 

By means of the sense of heat alone a aeries of pieces of the som^ 
^distance might be arranged in order of U: mi tenuis re, or the equality 
of temperature of two pieces of the some substance might be fairly 
accurately judged, and if the impressions could bo distinctly re 
menibcrcd a system of measurement of tenipcraturc might l>e founded 
on the sense of Ileal alone. Accuracy by this method would be prac¬ 
tically impossible, for the recollection of even a single temperature can 
be only rang lily retained by those who .specially cultivate the sense of 
heat for this purpose, such as bath attendants or hospital nurses. For 
scientific purj loses it h therefore highly desirable to estimate tempera- 
lure by sumo property of matter which varies continuously with the 
hotness, and which always remains the same at the same hotness* 

Intervals of hotness can mat, however, lie ttmijurtri in the proper 
sense of the word They may be indicated in a thoroughly definite 
manner, according to some chosen stale or standard, but one hotness 
cannot be expressed jn term* of another in the same sense that one 
length or mas s may be expressed in terms of another. In order to 
HtHLsuw any magnitude w e must eronpire it with some other magnitude 
of the same order w hich is taken as the unit* Tins a measuring tape 
is constructed by adding together any number of units of length, but 
we possess no means of adding together in the same way units of 
hoi ness. When, how ever, the scale of temperature k laid down acid 
graduated by arbitrary definition,, we may say that the interval 
between two temperatures is equal la the interval between two other 
temperatures, meaning thereby merely that each interval contains the 
same number of scale-units on our chosen system. 

IS. Expansion.—One of the moni general dfect* of change of 
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effect^ 
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temperature or hotness in any body is change of bulk + or expansion 
by heat. The bulk of every body, ivith few exceptions, is found to 
increase contiguously with its hotness, end consequently this change 
hm been selected as the basis of a method of measuring temperature. 
The mode by which the change of temperatmo is indicated by the 
change of volume of course remains a matter of choice, ns well as the 
particular substance employed. 

There are many ways of exhibiting the expansion of solids by 
heat, and several of these are no common that almost every one must 
be familiar wiih them. Thus the metal rail* on a railway track are 
laid not with their ends in contact, but with a short space between to 
allow for expansion in summer, and lor the same reason in large 
structures, such as metal bridges, the girders are not fixed rigidly at 
both ends, hut a certain play is allowed so that they limy expand 
without warping or rupturing the structure. This expansion is also 
made use of in the shoeing of cart wheels, the tyre being slipped on 
while hot, and as it cools it comrade and clasps the wooden frame 
within. A simitar application occurs in the bracing together of the 
walls of a building which suffer from an outward lean. Strong bars 
of iron are thrust through the building and secured on the outside 
while hot, and on cooling the bars contract ami pull the walls 
together. To expansion also is to be attributed the ventilation of 
mines and house*, as well as the general circulation of water and air 
on the earth's surface, and the effect of these great ocean streams and 
air currents is to produce a more uniform distribution of temperature- 

A familiar class illustration is that known a# Gr&ves&nde’s ring. 
A metal sphere which just jmsses through u ring when cool, when heated 
over a bmp will no longer pass through. It* diameter is now larger 
than that of the ring,, hut in cooling it contracts and again |jasses freely 
through. In the same manner a metal bar which tits into a tufa 
when cold cannot when heated be passed into the same tube. It is 
for this reason that a glass stopper tightly jammed in the neck of a 
bottle may be easily removed by heating the nock. The heat of the 
band placed around the neck of the bottle is often su file Sent for this 
purpose. If the stopper happens to be colder than the neck of the 
bottle when it is inserted in it, then, as the neck cools, it contracts 
and grasps the stopper tightly. In the same manner ordinary 
tumblers often become wedged within one another, and in such 
c& 5 cs, if the inner is initially much colder than the outer, the con¬ 
traction of the latter or expansion of the former may lead to the 
fracture of one or both. 

One of i ho most interesting illustrations of expansion, however, is 
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ppeaeiited in the grail mil creeping of a ihcci of metis i down is slope. 

Take the case of a long bar of metal lying lengthwise down an inclined 
plane. When the temperature increases the bar expand.- and pushes 
forward its lower end rather than its upper, on account of the action 
of gravity which facilitates motion down the piano rather than up it. 

In the same way, when the bar cools St contracts and draw* in \U upper 
end, and this process goes on with every variation of temperature, the 
result being I hut the bar gradually creeps down the incline worm-wise 
by alternately pushing forward its lower, and pulling in its upper end. 

The gradual creeping in this manner of the sheet lead covering the 
choir of Bristol Cathedral is cited by Professor Tyndall/ the rate of 
motion being about 9 inches per annum. 

Similarly, by placing a metal bar on wheels capable of rotation Creeps 
in one direction only, the system will creep forward in this direction 
with every variation of temperature, so that the ordinary variations 
of temperature by day and night will cause this apparatus to move 
in any desired direction, up hill or down, and during this motion it 
might be loaded in any way, and perform the part of a heat engine. 

The motion, of course, would be very slow unless special means 
wore devised to increase it* Thus, for example, the bar might be 
replaced by a highly expansive liquid enclosed in a Inrgo bulb 
furnished with a cylindrical tube in which u piston is fitted. When 
the torn pend, u re rises, the liquid in the bulb will expand and push 
the piston forward, and when the temperature falls, the liquid will 
contract* leaving a vacuum behind the piston* ami for this reason 
the bulb will move forward, since on account of the construction of 
the wheel* on which the instrument is supported the piston cannot 
move back. Similar apparatus may be constructed by supporting on 
wheels bent tubes filled w r ith some expansive liquid or a bent strip 
of two or more metals welded together, such ivi tho&e employed in 
metallic thermometers (see Art. 77). lit principle, however, all such 
forma of apparatus are the same a* the curiosity known as -Stevenson’s 
Creeper.- 

In the case of solids, the volume may \m measured directly* and App^at 
the absolute expansion determined, but in the case of liquid*, which LV|, ' U ' 
must be enclosed in some solid envelope, the o£|viti*iori of the liquid 
ia complicated by that id the vessel which contains it, and the result 
observed is the relative or apparent expansion of the liquid in the 
envelope. Thus, for example, if a hirgo bulb furnished with a narrow 
stem, or a flask with a narrow neck* be filled with a liquid* and 

1 Ty tifMb Hr til a J fair of JTofiuti* p. ftj, 01 h edilinft. 
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then heiited over a lump, the* liquid will at first lie observed to 
defend in the neck as if it contracted when heated, Soon, however, 
the apparent contraction ceases, and the liquid begins to rise in the 
stem, and continues to do so as the temperature becomes more and 
more elevated. The first effect is due to the sudden expansion of the 
Hash before the general mass of the liquid Incomes warm. For this 
reason the interna) volume of the finale is increased while the volume 
of the liquid Is scarcely altered. Soon, however, the liquid grows 
warm and expands accordingly. If the expansion of the liquid be 
greater than that of the envelope, the level of the liquid will rise in 
the nock, but if it he let*, the level of the liquid will talk The level 
would neither rise nor fall if I he expansion of the liquid were the 
same as that of the envelope. The movement of the liquid in the 
stem* therefore, does not indicate its absolute expansion, but only its 
apparent expansion, or its expansion relative to that of the material 
of rhe envelope. 

16. Change of Slate. A nother general effect of heat on matter h 
change of physical state, By sufficiently increasing the temperature, 
solids are converted into liquids, and liquids into vapours. While 
either change is taking place the temperature of the mass is found 
to remain constant till the change is completely effected. Thus, if u 
vessel full of broken ice be placed over a l»mp T the ice will gradually 
melt, but the temporal lire of the whole mass will not alter till the melt¬ 
ing is completed, The heat received ia employed in changing the state 
of the substance, in converting it from #elid ice to liquid water. If 
the supply of heat be still continued, the liquid will rise in tempera 
ture ami ultimately begin to boi! fc When this point is reached, 
the temperature again remains stationary. The liquid simply posses 
into vapour, and the heat supplied during this process h used up in 
changing the state of the substance from that of liquid to that of 
vapour. 

The change of physical state of any imbalance thus furnishes 
us with two fixed temperatures when the conditions under which 
the change takes place are given. Such changes are- often very 
abrupt, and arc consequently not suited to the estimation of term 
pemtures which vary continuously or rapidly. They serve rather to 
indicate particular temperatures For this reason the property made 
use of most commonly in practice is. the change of volume of some 
liquid contained in a glass envelope, such as the ordinary mercurial 
thermometer. 

17, The Mercury Thermometer. For the better understanding of 
the subsequent matter of this chapter, it may be well here to describe 
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briefly the ordinary mercury thermometer, 1 which is the instrument, 
intuit coin manly employ ed in the measurement of temperature. The 
property ramie use of in this instrument for the measurement 
of temperature is the expansion of mercury enclosed in a glass 
measuring flask, or volume indicator. This consists uf a gloss 
bulb, generally cylindrical or spherical, furnished with a stem 
of capillary bore (Fig. I). The bulb anti part of the stem are ; 
filled with mercury, ami, as already explained, ihe level of the 
mercury in the stem will vary with the temperature, unless 
the glass and the mercury expand equally when heated. As 
a matter of fact, the mercury is much more expansible than 
the glass, and the level of the mercury rises in the stem as 
the instrument grown warmer. 


Here, then, we have an instrument, the indications of which 
vary continuously with its hotness, and w hich will always show 
the same indications under the an me conditions, and which, 
therefore, supplies a mode of measuring temperature, and 
enables Its to define degrees of temperature, so that it shall 
in some way indicate the hotness of a body, and thus replace 
our sense of heat. 

In order to obtain a numerical measure of temperature tbo 
instrument must lie graduated, and for this purpose two fixed 
temperatures arc chosen. The jwints of the stem at which 
the mercury stands at these two temperatures are marked, 
and the portion of the stem between them is divided into 
any desirable number of part* of equal capacity. The two 
fixed points correspond to the temperature of melting ice and the 
temperature of the vapour of water tailing under the pressure of a 
standard atmosphere, it having been found that when the instrument 
is placed in melting ice or snow, the mercury always stands at the 
same point, and this, according to our chosen measure, means dint ice 
always melts at the same temperature under the atmospheric pressure, 
and for the same reason the steam of boiling water is user! to determine 
the second fixed point. 


I 


Fifr. i. 


We have now a definite standard of reference for all other 
temperatures, For example, if the mercury stands below the lower 
fixed point, then we say that the temperature is below the freezing 
point of water, or what is the same thing, the melting point of ice 
ami if it stands above the upper fixed point we sat* dm temperature 
is higher than the boiling (mint of water under the pressure of one 
atmosphere, while for intermediate points we have intermediate 
1 Tlit* gsmmil subject »r Thermometry itconsfdertd in Ch*ji. [1. 
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temperatures. In order to refer to these temperatures conveniently, 
the interval between the two fixed point* on the stem is divided into 
a Dumber of equal parts* LeL us suppose that it is divided after the 
manner of Celsius into 100 parte* the lower fisted point reading 0 and 
the upper 100"; and let the same process of division be continued 
on the stem above the upper and below the lower fixed point. 1 Then 
if the mercury stands at m 20 r we refer to this as the temperature 20 s 
meaning thereby that the temperature fa such that when the thermo- 
meter attains it, [he mercury stands in the *tem at the division 20 . 
We do not imply, however, that when the mercury stands at 40 the 
temperature is twice as high (in the sense of the hotness being twice 
as intense) as when the mercury stands at 20 , or that when it stands 
at 100 it is four times ns hot a* when it stands at , It is only 
in this sense that we have suud we cannot mwwpe .hotness. The 
thermometer is an indicator which enable us to determine equality of 
temperatures, and tells us how much one body fa hotter or colder than 
another. In terms of our chosen scale. It hid fames degrees of hotness* 
and ought always to show the same reading when at the same hotness. 
By making the bore of the stem very fine and the hnlb large, the 
instrument can he rendered very BOBflitive, so that small changes of 
temperature which would otherwise escape notice can be registered. 

In this method of estimating temperature some particular substance 
is chosen, and then by definition the change of temperature is taken 
proportional to the change of volume of the thermometric substance, 
or rather to the change in ihe reading of the thermometer Once a 
substance is chosen, and a thermometer constructed* this may bo 
Staiidnnl regarded as the standard instrument by means of which, all others ran 
lustrum vat, s0 that all ill ermometer® will agree in their indications. 

If this plan were adopted, we should be furnished with a definite and 
consistent method of estimating temperature. All thermometers w ould 
be copies of a standard instrument, just as our weight* and measures 
are copies of arbitrarily-chosen originals, kept for the sake of reference. 
This plan, however, cis will ha seen afterwards, is not absolutely 
necessary, for instruments can be constructed which will agree suffi¬ 
ciently well in their indication* without previous comparison* Such 
agreement is not found, however, among instruments which are not 
constructed of the same materials. Thun a mercury thermometer 
which agrees with an alcohol thermometer at the points 0 and 
fiO will in general disagree with it at the other part* of the scale. 
Seme standard of comjmrfaon must therefore be chosen* by means 

1 This is Usually caltai the cflntigradh seitle arul U indfaat*! W the falter V, 
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of which all thermometers Lire to be graduated, and for this purpose 
the gas thermometer possesses special advantage* (see Chap, 1L). 

Expansion Of the Thermometrlo Substance Coefficient of 
Expansion, We ahull now consider the relation between the volume 
tied temperature of the thermo metric substance, that is* the substance 
by the expansion of which temperature La measured. This relation ts 
determined entirely by the method chosen for nteasuring tempaniture, 
and ia not to be regarded as a new result connecting volume and 
temperature. 

Let it be supposed that equLil changes of tempera tore are measured 
by equal changes of volume of some substance. Then if \ r , be the 
volume at the ce» of the scale, and V the volume at any temperature 
ft* we have — 


where v is the increase of volume for one degree, e>r what may be 
called a degree measure! am! is by ddilution the same all along the 
scale. This formula is merely the algebraic method of stating the 
definition, or the mode of measuring temperature, and may tie written 
in the form— 



The quantity *=t V„ is obviously the expansion \w unit volume 
of the sub&tfttice ill changing its temperature from 0 to t . This 
quantity i& cal lei! its rocjjiciznl of expanri&n a l »ero. Tn general, the 
coefficient of exparmon of a suInstance is measured by the change in 
bulk of a unit volume of the substance per degree of temperature. Jf 
V and V' denote the volumes at temperature* ft rind ft respectively, 
then the change in bulk of ri unit volume — 


V' - V 
V 


and the average change in bulk per degree of temperature between 
ft and ft' will be— 


V-V* 

W-Pf 


This is termed the wwapf wjfinmi of txpumom between the tempera¬ 
tures ft and ft'. In the cnao of the thermometric substance, tbs mean 
coefficient of expansion between aero and any temperature ft U con¬ 
stant and equal to r V„ for we have by definition 
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It is to bo carefully observed that this formula holds only for the 
thermonietric substance; and is true for St as n result of our definition 
of temperature, whereby equal increment* of temperature arc measured 
by equal absolute increments of volume of this substance* In the 
case of the thermometer Just described the expansion of the mercury 
is measured by the rise of the column in a capillary glass tube. The 
ex puns ion thus observed is not the a ■tadVr/r expansion of the mercury, 
but only ha apparent expansion in a glass envelope, Tf the stem is 
originally divided into parts of equal capacity, these will increase as 
the temperature rises* owing to the expansion of the gkdi. Hence, 
if temperature is measured by the absolute expansion of mercury; the 
expansion of the glass in list be taken into account hi graduating 
the stem of a thermometer. Correction in this respect will render the 
degree intervals shorter and shorter as we proceed up the scale. If 
the divisions were to be equidistant along the Atom its bore would 
[save to be conical, or the substance of the envelope would require to 
be non-expansible, fi follows, thou, that if a denotes the ^ero 
coefficient of absolute expansion of the thermometric substance* the 
foregoing formula applies only to that ^ubatauce. In the ease of any 
other substance ihe volume at any temperature # will be some 
complicated function of the temperature, and we may assume that ft 
can be expressed in the form— 

V = I -+ f|fl I- Lift h Hi# 3 -r _ * + ) F 

where V„ is the volume at zero. 

l&. Temperature Equilibrium, —If, when a thermometer is placed 
in contact with several bodies* or dipped into different liquids 3 it 
shows I he same reading in each case, we say that all these substances 
are at llie same temperature. If now any pair of these substances 
he placed in contact* or mixed together, it is found by experiment 
that they si ill continue at the same temperature (provided no chemical 
action occurs)* It is thus found that when there is equality of 
temperature before contact (or mixture), this equality remains after 
contact. In this case there is laid to be equilibrium of temperature, 
and we arc furnished with the tjpenmaial furt that bodies which are 
in temperature equilibrium with the same body are also in temperature 
equilibrium with esu’h other. 

If, however! two bodies »t different temperatures are placed in 
con tact it is found that in general the temperature of the warmer falls 
while that of the colder rises* and this process continues till equi¬ 
librium is established- There are cases, however* in which the 
temperature of one changes while that of the uiher remains fixed. 
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Tlii* process takes place when one of the bodies is changing state, 
® a when a nuiss of fee is pieced in ;i basin of hut water. Mere the 
ice gradually molts, but its tempera lure remains the same, while that 
of the water gradually fall*, till the molting is completed, or equality 
of temperature is established. A similar proeora occurs when tk liquid 
is being con vert oil into vapour. 

20, Quantity of Heat. “Jit order to account for the sensation 
experienced in presence of a hot body an tic live agent is postulated, 
and the uumc given to this agent is heat. A lint body is regarded as 
a source of heat just as a luminous body is regarded a.* a source of 
light. In the same way, when two bodies at different temperatures 
are placed in contact, the temperature of the warmer fid Is while that 
of the other rises. To account for this w'e say that heat pause* from 
one to the other, that the wanner loses heat am] ihe colder gains it. 
In this sense heat is regarded as something which may be added to or 
1 aken away from matter; something which can lie corona indented to 
matter, and which can be handed on from one piece of matter to 
another. Heat thus possesses the rank of a tjuantify, and we are led 
to seek how mvfh heat a body gains or loses when its temperature 
changes. On the other hand, temperature is regarded rather os a 
quality which varies from one body to another, or from one part to 
another of the same body, when heat is being com mu ideated to <>r 
abstracted from it, or which may vary, as we shall subsequently Bee, 
in consequence of actions taking place within the body itself, or per¬ 
formed on it from without. 

It must, however, he distinctly remembered that what we directly 
f&dcrrc fe temperature and changes of temperature, and when the 
temperature of a body (free from other actions) rises wc wry it has 
received heat. The effect observed is the- change of tern|«?rnHire, and 
the postulated cause is add it ton or subtraction of heat, 

The use of the term far<v in dynamics is somewhat of the same 
nature; what we really observe in motion and changes of motion, or 
changes in the relative jmsitions of bodies. To account for change of 
motion the idea of force is introduced, and a measure i* adopted. 1 
Once a definite system of measurement is laid down the vagueness 
of the term disappears, and the meaning of the force on a body 
becomes perfectly clear and distinct. So to account for changes of 
temperature the idea of heat as something which can bo added to 
or taken away from a body is introduced, and a measure of heat a* 
a quantity must also bo adopted. For this purpose a unit is essential, 
just as in the measurement of length or weight. This unit is 

1 The idea of force is probably oliielly Jut- la the sen* of mu sen for effort. 
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more or less arbitrary, and for the purpose of definite measurement 
may be chosen in connection with any one of the effects attributed 
to heat T 

In popular language the word heat has a somewhat lax usage. It 
is sometimes used to denote a high temperature, as in the phrases, 
“white heat," “tropical heat," and “blood heat." Commonly, how. 
e\er, it is used either to express tho sensations exjtoriouced in pro- 
senue of hot bodies, or else the ultimate cause of those sensations, and 
in this latter sense it is used in such phrases as " the theory of heat ,r 
and the science of heat. Jil the theory of heat we inquire into the 
nature of the process by which the various effects attributed to heat 
are brought about, and seek to determine the mechanism hv which 
one body becomes warmer while another becomes colder, or, as we 
say, the process in operation when heat enters or leaves a body. 

In saying that the bent of a body increases with its temperature, 
or that a body loses heat in cooling we tacitiy attribute to heat a 
positive character, so that its presence produces warmth and its 
absence cold. The word cold, then, has a negative character, and 
merely refers to the absence of heat. As the ideas of heat and cold 
are derived from the sensations, the positive value of cither might be 
regarded a* the negative value of the other, and the presence of one 
might be regarded sis the absence of the other. As far, then, us the 
sen sat ions alone direct us, either or both might possess a positive 
character. Wo have no more experience of the total absence of heat, 
or greatest possible coldness, than we have of the greatest possible 
accumulation of heal or greatest possible hotness. The general 
opinion has long been that the sensation of coldness j s due to loss of 
heat and that of warmth to the gain of heat. In early times, how. 
ever, this did not appear so evident. When the hand is placed on a 
piece of ice, instead of heat being given by the hand to the ice. some 
philosophers supposed that in such a ease the cold body possessed 
minute “particles of frost" or “frigorifie particles,” which pissed 
from cold bodies into those which are warmer, and those apicu]m or 
little darts were supposed to account for the acutely painful sensation, 
and some other effects, due to intense cold, 

21. Unit ot Quantity. —The unit of heat generally employed is 
the quantity of heat necessary to raise the temperature of one gramme 
of pure water one degree centigrade. Tho s,ime quantity of heat will 
Iks given out by one gramme in. cooling I V. This, however, is not 
a priori evident. It is not a truism, but a truth established by 
experiment. 

In the case of a uniformly heated mass of water it is legitimate to 
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assert that tlio quantity of heat contained in any one gramme of it ifs 
the s»im as that contained in any other, and that the quantity of 
heat required to raise any one cubit centimetre of it, from any one 
definite temperature to any other, will be the same, under the'same 
conditions, as for any other cubic centimetre. Thus, if the quantity 
of heat necessary to raise the lemjw rati ire of a gramme of water, or 
any other sulatanro, through a given interval of temperature, be 
denoted by q, then the quantity required to raise m grammes through 
the same range of temperature will be mq. 

c cannot, however, assert that the quantity* of heat necessary to 
raise this temperature of a body I is the some .at all quirts of the 
scale, or that the quantity given out by a body in cooling from 60 to 
40 is equal to that given out by the same body in cooling from 25 
to 1-5°. W » have no reason to expect a priori that the quantity of 
heat is proportional to the interval of temperature. In defining the 
unit of heat above we have only stated that it is the quantity of heat 
necessary to raise one gramme of water l We have not stated 
at what part of the scale the degree is to he taken, whether it is the 
interval from 0 to I , or from 4 ; to 5 , or any other, in .strictness 
this ought to be dona, but in practice it is found that there ie scarcely 
any appreciable difference, whatever be the degree chosen. Experi. 
merit proves that very approximately the same quantity of heat is 
required to raise a given mass of water ) in temjierntLire at any part 
of the scale between the freezing point and the boiling point (see 
Art. 171), It is well, however, to be accivate, and to fix a particular 
degree, say from 19 '5 to 20 '5. According to this system a quantity 
Q of hem means I lie quantity which will raise Q grammes of water 
from 19 ‘5 to 20 ’& C. t and not the quantity which will raise one 
gramme of water Q 3 C. The latter happens, however, an we have 
already said, to lie very approximately equal to ihe former. 

Other units of heat might be, and actually have been, chosen 
depending on other ofloete of beat an matter, such, for example, as 
the change of state. Those will be not iced later on. 

ft is important to remark that we can now speak definitely of the 
quantity of heat required to raise a body from one temperature to 
another, but (hut the “quantity of beat in a body "is still without 
meaning. So far the quantity of heat in a body is ns indefinite ns 
the quantity of sound in a bell, or the height of' an object above an 
unknown plane. 

22. Sensible Heat and Latent Heat— As already noticed, when 
two bodies at different temperatures are placed in contact, heat is 
supposed to i*ms from the hotter to the colder, hut either of two 
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things limy happen. Either the temperature of the colder may rise, 
while that of the warmer falls, or a change of slate lofty occur in one 
while the to m,pern m re of the other alone varies. Iri [he former case T 
that is, when the heat which leaves one elites the other and increases 
its temperature, the heat which enters it exhibits itself in [he corre¬ 
sponding rise of tamper attire, and i# said to be wnsiHfl heat. That 
is, it can he detected by the thermometer. In the second case, 
however, the warmer body is continually losing heat, but the 
temperature of the colder remains fixed. Its state merely changes. 
The heat which it receives does not exhibit itself hy any rise of 
temperature, and cannot he detected by the thennometcr. It be¬ 
comes, as Black said, latent, and is consequently termed laftni hmt. 
In illnatratlcHi o£ thus [joint it may be well to describe here the 
experiment by which Black 1 was led to his doctrine of latent heat. 

Having exposed a mass (o oz.) of ice-cold water in « vessel 
suspended in a large ball, lie noticed that the temperature rose very 
nearly -I C. (7' F*) in half an hour. He also exposed an equal mass 
of ice in the same room under the same conditions and found that it 
required ten hours to melt. Nov. the ice Deceives heat from the 
room, and the quantity received during ten hours was only sufficient 
to melt iu This quantity may be calculated from the experiment on 
the tee-cold water, which received as much beat in hall an hour as 
raised its temperature almost 4 C, Assuming thru rhc molting ice 
received heat at the same rate, the total quantity required to melt it 
will be nearly twenty times that required to rniae an equal weight 
of water 4 C., or almost am much ais would raise eighty times its 
weight of water one degree centigrade.- This shown roughly that 
about eighty units of heat are required to convert a gramme of ice 
into a gramme of ice-cold water,, without changing the temperature. 
That is, eighty unit* of heat have disappeared or become latent in 
effecting ihu change of state from solid to liquid. For [his reason 
eighty is said to be thy latent heat of ice, meaning that eighty units 
of heat, are necessary for the liquefaction of ice per gramme. 

Black also determined the latent heat of ico by mixing warm 
water and ice fn known quantities And noting the change of 
tem [Herat u re. Allowing for the influence of the containing vessel he 
found by this met heal i1P4- —a number remarkably near that given 
by the best recent determinations. 

a Bbufe, £km*nt* it/ Vhtmutrif, vel. E. p. 116. Ptibl inked by Jnhn Eabuscm, 
Edinburgh, 

1 ltLrtrk lipNti a F.d.rthl^iE tbemomtUrr, n ilescrrplfon mf whurfi wOl he found fn 
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Before the t km of Black it was universally considered that when 
a solid changed into a liquid, or a liquid into a vapour, no continued 
supply of hea> iv .la necessary f,jr the transformation* and thfttrftll the 
beat supplied exhibited itself in « corresji j tiding rite of temperature* 
In other words, heat was always sensible, and could he detected by 
the thermometer. Black 1 say* : 4li Thra was ihe universal opinion on 
thi* subject fair as I know when I began to read my leciures in 
the University of Glasgow, in the year lift*. + . „ T he opinion l 
formed from attentive observation of the frtete and phenomena is as 
follows When ice, far example, or any other solid lubitance, is 
changing into a fluid by heat, 1 am of opinion that it receive* a mtteh 
greater quantity of heat than what h perceptible in if immediately 
after by the thermometer. A great quantity of heat enters into it 
on this occasion without making it apparently warmer when tried by 
ibis instrument. This heat, however, must- he thrown into it p in 
order to give it the form of n fluid; and I iffinu that this great 
addition of heat is the principal and mo^t immediate cause of the 
fluidity induced/" 

“And on the other hand, when wo deprive such a body of its 
fluidity again h by a diminution (.if its beat, a very groat quantity of 
float comes out of it, while it is assuming the solid f arm, the loss of 
which hear i@ not to he [greened by the common manner of using 
the thermometer. 7 * 

Sensible and latent heat* are thus very analogous to kinetic and 
potential enorgiefl. When work is spent in ineraising the velocity 
of, or generating motion in t any body< the work so spent become* 
visible, or sensible, in the motion of the body, and it is analogous to 
sensible heat. When, on the other hand, work is *peni In raising 
a weight from the surface of the earth, or in changing the distance* 
between the pin* of a niulually-attrusting system, the work &o sj^nt 
is mt visible as any motion of the system, but has as it were become 
latent, or potential, us it is termed* That some real relation here 
exists, and not merely an analogy, will probably appear m a know¬ 
ledge of the facte accumulates. 

23* Spec fide Heat and Thermal Capacity.—Having bid down n 
ay stem of measure men t of quantities of heat, the question which 
immediately presents itself is whether equal quantities of heat raise 
ihe temperature* of equal rcmsaea of different Hiibstnnees by the wime 
amount p or if mf relation exists between the quantities of heat given 
to equal masses or equal vnlumcBp of different substances. and the 
corresponding changes of temperature. If equal weights of the same 

I Black, tot etf* 
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substance (water* for example) fit different temperatures be mixed, 
the temperature of the mixture is the arithmetic mean of the 
temperatures of the two components before mixture (op very approxi¬ 
mately so)v The quantity of boat given out by the warmer mass in 
falling through a certain range of temperature raises the colder mass 
through an equal range. The case is very different if two dissimilar 
substances arc mixed together. The change of temperature of a 
body ia not alone ptifficleuc to determine the quantity of heat it has 
gained or bat. This quantity depends not only on the change of 
temperature In it also on the nature of the substance, and for this 
reason different substances are said to have different thmmtl or 
or specie hrnLi. This U strikingly illustrated in the case of mercury 
and water. Thus, if a pound of mercury at L\ \w. mixed with 
a pound of water at 20 C * the temperature of the mixture will be 
only About 22* C. Thus afacm that the heat lr**t by the nurenry in 
cooling through will raise an equal weight of water through only 
2 . In other tvords, the quantity of heat which will raise the 
temperature of a given weight of water 1 will miKO the temperature 
of an equal weight of mercury nearly 30 . ur the thermal eajmeity of 
water is about thirty limes that of mercury. 

The thermal capacity of u body is defined as the quantity of heat 
necessary to raise the temperature of the body 1 C. r and the thermal 
capacity of a substance is the quantity of heal required to raise unit 
weight |une gramme) of th t sijbfltance 1 C. 

The specific boat of a substance is its thermal capacity compared 
with that of water; in other words, it is the ratio of the quantity of 
beat required to raise the temperature of a given weight of the sub¬ 
stance l , to the quantity of heat which will raise the temperature of 
an equal weight of water I . When the unit of heat is tbm required 
to raise the temperature of unit weight of water V r the thermal 
capacity and the specific heat of a substance are expressed by the 
Mime number. 

Before the time of Black it was commonly supposed that the 
quantities of heat required to change the temperatures of different 
bodies by the mints amount were directly proportional to the 
quantities of mutter its them, or that all substances had rhe same 
thermal capacity. 

“ But very soon (J7«U) after 1 began to think or, tbu subject,” 
sirs Black, 1 h " 1 perceived that this opinion was a mistake, and that 
the quantities of he.it which different kinds of matter meat receive, 
to reduce them to equilibrium with one Brother, or to raise their 

1 laturb ™ tir Elewni, vhrmitfry, p. 79. 
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temperatures by an Equal Number of degrees, are not in proportion 
to the quantity of matter in each, but in proportions widely different 
from this. . . . This opinion wa* first suggested to me by an experi¬ 
ment described by Dr. fkmrhurivo ( £!**&'j*t* ?>/ After 

relating the experiment which Fahrenheit made at his desire, by 
mixing hot and cold water, ho also tells us that Fahrenheit agitated 
together quicksilver and water unequally heated. From tire Doctor's 
account it is quite plain that quicksilver, though it haw more than 
thirteen times the density of water, produced less effect in heating or 
cooling writer to which it was applied than an equal measure of water 
would have produced. He says expressly that the quicksilver never 
produced more effect in heating or -moling an equal measure of water 
than would have been produced by water equally hot or eold with 
the quicksilver and only two-thirds of its bulk.' 

Black concluded, therefore* that quicksilver hR3 a much lesa 
capacity for heat than water, and that different substances have 
different thermal capacities. The inference made by Dr. Boerhaavo 
from ihe saute experiment is wry surprising. Seeing that the heat 
obviously was not distributed among different bodies at the same 
temperat lire in proportion hi their massw, be concluded that it wjis 
distributed in proportion to their volumes! or that equal volumes of 
all substances have the same thermal capacity. This conclusion* as 
Black remarks, was contradicted by the very experiment on which it 
was founded, yet in it Boerhaave was followed and supported by 
Muschenbroeck. 

The h ijfe: l 11 capacity for heat of a dense body like mercury was 
considered by Black as a strong objection against the dynamical 
theory nf heal, for if beat be motion, then in his opinion a dense 
body should contain much more of it than it rare one at the same 
temperature. 

24. Thermometry by Q nan titles of Heat. A perfectly scientific 
though inconvenient system of thermometry might he founded on the 
measurement of quantities of heat rather than on changes of volume. 
Thus, if wo lay down any two definite temperatures, such as the 
melting point of ice and the boiling point of water under a definite 
pressure, or the melting point of any other solid* these temperatures 
will correspond to certain fixed marks on the stem of an inurnment, 
such as the mercurial thermometer already described- If now the 
unit of heat be taken as the quantity of beat necessary to ruiae one 
gramme of water from one of these temperatures to the other, then 
a units of heat will raise t* grammes of water through the same 
interval of temperature, It will. I>e convenient to take the lower 
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(ix&d as that of molting as ice-cold water is easily 

procurable, and the other fixed temperature may lie taken as cor re- 
^ponding to any fixed mark on the stem of the mercurial thermometer, 
say the division marked I . 

If now wo wt&h to compare the temperatures of two pieces of the 
wWflf substance in the same physical stole, it will be only necessary to 
tin»1 how many grammes of water 1 u gramme of md i for equal weights 
of each) will raise from 0 to I (our chosen fixed temperatures)—tlmt 
is, (ho number of units of heat- each will give out per unit muss in 
fulling from their original temperatures to the upper jmsl tempera- 
Uire. Equal differ cnees of temperature will thus eorrrajKiiid to equal 
increments of heat, or the temperatures of two pieces of the same 
substance will be in the ratio of the quantities of heat required to 
raise unit raw of each from the lower fixed point to its present con¬ 
dition. I'm temperatures below the lower fixed point it will be 
necessary to find the weight of water which, in cooling from the 
upper to tho lower fixed puni. will raise unit mana of the substance 
from its present temperature to that of the lower fixed point. This 
J hu] it consequently becomes the zero of our new scale, and tempem- 
turcM expressed by this system will he so much above or below the 
lower fixed point. 

Wo far wii have only compared the temperatures by this system 
of different pieces of tin- &ioir mib$run.r& This restriction was 
necessary because it is found that equal masses of different sub- 
stances heated uniformly m the same rudoRire or bath will give out 
very difivrcnl quantities of heiil in falling from their common initial 
temperature to that of the upper fixed point This is expressed by 
saying that different subaanecs have different thermal capacities ]>or 
unit imies* or different fi*- finite. If, therefore, il h desired to 
snake this system of thermometry generally applicable, a small carrier 
body, finy a small metallic disc supported by a silk i bread, nmy be 
employ oil, ju&t ns n proof plmie is employed in the measurement of 
1 ‘leLHrie.d potentials* If this small carrier he brought into contact 
with any body it will rapidly assume the temperature of the body; 
errors arising from the finite of the carrier and initial lempenv 
turc difference between it and I he body being neglected. The 
carrier may now be removed to the vessel containing the ice-cold 
water ami the weight of water which it raises from zero to the upper 
fixed [joint estimated. By this menus we ran comparts or as it were 
weigh, the temperatures of different bodies. 

In order tin it this system of thermometry should agree with that 
1 Pfrhi|» Et wemSff be tattur to work with the quantity of fee meUfrl. 
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which measures tsqual inurements of tonipcmturo by equal iucrnnanUi 
of volume, it is necessary that equal expansion* of t he thoriiiomt-ric 
auhatance should correspond to eijiuU increments of heal, or that the 
dilatation should be proportional to l ho quantity "f beat received. Air 
and the permanent gase* seem to be tSie only substanefla whieh satisfy 
I his condition very closely, but between 0 and 100 0 +s and for some 
distance beyond these pointy mercury, expanding an an ordinary 
glass envelope, also iKwaeBaos this property. Iti general the dilatation 
of a body increases for oped additions of heat the temperature 
becomes in^rc elevateds D 1.1 Jong and Petit 1 executed a series of ex- 
perimoms on this puint, They measured the quantities of beat absorbed 
by various aubataucea, and al^o the consequent dilatailon T and they 
found that the expansion was not simply proportional to the quantity of 
hejit T but that between the dilatation and ihe quantity fit heat absorbed 
some complicated relation exists which depends on the nature of the 
substance. In the case uf the permanent gas^ however* Itegnault* 
found that the change of volume under constant prosaune was simply 
proportional to the quantity of heat received, and hence the system of 
thermometry here considered will agree with that registered by an air 
thermometer. 

For ibis and many other returns the air (or rather perfect g»s) 
thermometer is the only strictly si ientitic measurer <rf temperature, 
mill ;il| other thermometers oi]jjfhi to Ifl standardised hy direct com¬ 
parison with it. 

25. Thermometry by the Sense of HeaL—-The sense of heat is a 
somewhat delicate test of the equality of temperature in the caw of 
similar bodies, t hat ia, of portions of the same sort of matter. Thus by 
the hand alone a very small difference in the temperatures of two water 
baths may be detected, especially by persons who have cultivated the 
sense of heat for this purpose. It is very different, however, when we • 

touch in succession objeeta which are of dissimilar natures, T,et iib 
take the case of a room without a tire on a cold frosty day. All the 
objects in such a room will he at the same temperature. This mav 
las tested by means of a thermometer. A metal piper weight will, 
however, tv hen touched feel much colder than l lie paper on which it 
rcabi, and the wooden table will feel colder than the woollen table¬ 
cloth. In explanation of this, we regard the sensation of coldness a* 
due to the loss of heat by the hand, and this is not simply dependent 
on the temperature of the body touched, but depends rather on the 

1 Ann. tie ChimU 'I de Phyt.y 3* srric, I.I, ii. p. 210, me. 

- Relation tie.* fC.rfie'eieneee. turn, i. ]■. Ida j .Wrmwre* dtT ActnUmie <lr* ScitnetA, 
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rate of loss of heat. The hand loses heat much more rapidly to the 
metal pit per weight than to the paper, and more rapidly to the wooden 
floor than to the earpot. The fate at which one body communicates 
lioat to smother at el lower temperature depends, its wo shall see Inter 
on, not only oes the difference of temperature^ hut also oti the nature 
of the materials of which they are composed, and on their surfaces. 
The properties involved fire specific heat, and internal utid external 
conductivities for heat* 

It is rather surprising at lir*t to find on touching some bodies, 
which we know to be sit or below the freedom point, that they actually 
fed warm ; a moment s reflection, however., leads to an explanation, 
Our bodies part with heat to all other foodies at n lower temperature, 
and on a cold day we are constantly giving out beat to the air. If. 
then, we touch any body which draws off heat more rapidly than the 
air it appears cold, but if it draws away tins heat less rapidly ihsm 
the air from the hand it will fee! warm by comparison. It is for a 
similar reason that we fee! much warmer when clothed than when naked* 
and that woollen at nil's sire employed for bedcovers. 

The intimation of temperature by the sense of beat depend! upon 
Romany variable conditions, the state of the observer in chided, that it 
cannot be used with why certainty. In illustration of this a well- 
known experiment is often cited. Thus if oils hand be placed in il 
basin of hot water, while the other is placed in a baa in of cold water, 
and Elien the two are him iltatico Italy placed jti a brain of tepid water, 
this bitter will appear cold to the hand which was in the hot water 
and hot to that which Was placed in the cold. This arises from the 
fact that the tepid water is colder than ibe surface of the hand which 
was in the hoi water, and wanner than that which was placed in 
the cold water. The result is that one hand gives up heat to the 
tepid water, while the other receives heat; the former accordingly 
becomes chilled, while the latter is heated. When cultivated, how¬ 
ever, not only Pin very small differences of temperature ho detected 
in similar substances by the sense of heat, but a memory of certain 
definite temperatures can be permanently acquired. This happens in 
the owe of bath attendants and hospital attendants, and those engaged 
with hot liquids in various manufactories, much ais dye works. Such 
pewits can tell to within less than a degree centigrade whether a hath 
or a poultice is at ■* blood heat," or iE fever hett," or some other definite 
temperature to which they are accustomed. 1 

2b. Remarks on the Definition of Temperature*- In concluding 
this section it may be well to cull attention to the great importance of 
1 Sir William Thomson, JftirA. onif Ph^ j. Pi\p*r$ h vol. ili. 130,, 
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:t clear definition and & thorough understanding of the exact meaning 
of tub term used in any branch of science. Without tlii,* progress in 
hope leas, and nil reasoning on the subject become* a meaningless tangle 
of words, more calculated to confuse than on lighten. 

Attention has already been directed to the method of explaining 
the seen by means of the unseen, and the known by means of the un¬ 
known. A similar and perhaps more pernicious habit which still 
linger* i* the definition of seientifie terms by means of other words to 
which no distinct meaning can fie assigned- As an example take the 
following definition : “The temperature of a body is the energy with 
which the heat in a body acts in the way of transferring or communi¬ 
cating a portion of itself to other bodies/' In this definition two new 
words, energy and heat, are introduced, and the idea of “the energy 
with which the heat in a body acts/ :is well ns the conception of the 
transference of heat fruin one body to another. 1 util the new words, 
as well as the ideas involved, are thoroughly explained, such a defini¬ 
tion etui give iio distinct idea of what the word temperature means. 
The student would be bettor without any definition than with such 
a one, A mrsiifving string of words can only addle and discourage 
him at the outset of a new and difficult subject. 

Other and no le£3 objectionable forms of definition ordinarily met 
with are “the power of a body to communicate heat to other bodies,' 
or, “the greater or less extern to which it tends to impart sensible 
heat to other bodies." The first essays to explain the word tempera 
lure by the introduction of the word power. Now the word power 
with reference to engines has a perfectly definite meaning, but in 
ordinary language it seems t.. enjoy an almost universal application. 
It is so thoroughly indefinite that it does tiol attract the attention oi 
the student, especially when mixed up with scientific words, and he 
passes on without seeing that such a sentence really has uo meaning. 
If we take “the power of a body referred to above as meaning the 
quantity of beat it will give to other Indies, we see at once that thi# 
will depend not only on the hotness of the body, but on its mass and 
the thermal capacity of its material as well as on the “other bodies.” 
if we take the power as the rate of giving out heat, we are again in 
similar difficulties, for the rate of loss of heat will depend upon the 
nature of the surface as w ell as that of the material, and by no means 
on the hotness alone of ihe body. Similar remarks apply to the 
second definition. It perhaps excels the first, in indistinct ness. The 
“greater or less tendency of a body " seems to contain an idea, but it 
is not easy to understand its precise meaning i 

The last form of definition which we shall consider' is much 
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superior to the others, Hero temperature is laid dbwn as li tho 
thermal suite of a body considered with reference to its power of 
ecunmunicaiing heat to other bodies*” The “ power of communicating 
heat,” aa hi- been already pointed out, either means nothing or is 
entirely incorrect. The thermal state of a lwly ( if it means anything* 
means the holntitt of a. body, am I the definition implies that the 
temperature is the hotness considered in a certain aspect. 

Another strange inversion of ideas ia also generally met with. It 
occurs in the eoiisidemtion of difference of temperatures. Thus it is 
stated that two bodies are said to tie at different temperatures when, 
if placed in contact, heat pasAe* from one to the other, Now it is 
in the reverse order that the ideas arc actually obtained* What wo 
directly is temperature niul change of temperature (ace Art. 

20}. When the temperature of a body changes we account for it by 
supposing that heat has left or on tercel it. Wo do not observe the heat 
passing from one body 10 another, and find that as a eon toque nee the 
temperature changes. In order to find out which of two bodies is at 
the higher temperature we do not place them in thermal r-Otnmunica- 
tioti, and observe if “Heat lh flows from one to 3 ho other* The flow of 
heat Es an assumed phenomenon arising from the observed change 
of temperature, and is asserted merely because we sny that when [he 
temperature of a body ie changing it is gaining or losing heat* or that 
increase of temperature is accompanied or caused by a gain, and fell 
of temperature by a lo - of heat. 

A theory may be wrong, bni it certainly ought to be clear and 
iliBiinci, and should he expressed in language which can be easily 
understood. The definitions sometime* met with often escape the 
merit of being false by being expressed in words which have no 
assignable moaning* In the theory of heat ambiguity in this respect 
probably arises from the fact that during the present century a new 
theory has been built up while the old doctrine lingered on. Terms 
which were distinct in the hitter have been retained with a very 
different signification in the former* and an imperfect apprehension 
of tHeir exact moaning perplexes the student. 


* 
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EAICLY TUEOIURS OF TTKAT 

27. Two Theories prevalent.—From the dwwn of science ro the 
present conuirv two rival byjwtlicres regarding the nature off boat 
were generally t.* n c u rt n E m l- 1 1. neither of ifrem, liowwor, being founds I 
on any sufficiently established b a?b. According to ont\ known am the 
caloric theory, heat wa* supposed Lo be a subtle elastic fluid which 
permeated the pores of bodies, end filled the interstices between the 
molecule* of matter. The other doctrine, which in as obi i\& the 
ancient Greeks, and contains the germ off the modern theory, supposed 
beat to he duo to a rapid vibration off the molecules of a body, and 
consequently attributed beat to motion. The supporters of r \m theory 
seem to have been long En ji miserable minority. 

2B. Lord Bacon.—Thu hi>i phih^nphii- attemp* .n the forjiiririciTi 
off a theory founded on observation *eems to have been mode by Lord 
Bacon 1 in :i treatise w hich he offered si* a model of the projier manner 
of prosecuting investigation* En Natural Philosophy. In this treatise 
bo sums tip nJ] the principal fact* then known relating to heat* or to 
the production of heat, and after a cautious and mature consideration 
of these he endeavours to form a well-founded opinion of i heir cause* 
On deliberating over the various ways in which heat u produced by 
friction and percuss ton, I he only conclusion bo could draw from the 
whole facts was the very general one that * L heat in motion.' 1 

The opinion of Lord Bacon w r as adopted very generally, bui with 
two different mollifications. The greater number of bis followers in 
England supposed that the motion or tremor which cons hinted beat 
was in the small particles of the body, w hile the majority of continental 
philosophers supposed that the vibration was not that of the particles 
of the body itself, but rather of the particles of a subtle and highly 
elastic fluid, penetrating the pores of bodies, and interposed between 
their particles. This fluid they imagined to be diffused through the 

1 Ikjbnm i Catttiv. 
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whole universe, jiciviuliiij; with ease the densest bodies, atid lit the 
opinion of some, when modi fled in certain ways, produced the pheno¬ 
mena tif light and electricity. 1 

29, The Caloric Theory,—The other school of philosophers, how¬ 
ever, was in power till this beginning of the nineteenth century. 
They held that heat was not due to motion, but to the action of a 
highly elastic and self-repellent fluid, which was all-perrading and 
universal. At first the only properties pos tula ted were that it was 
highly elastic, and that its particles repelled each other vary strongly. 
It was by this latter pro]>eriy of caloric, as the heat fluid ffi+s called 
later <m" that bodies in combustion threw off heat and light. Sub¬ 
sequently Dr. Cleghom introduced another property which was 
strongly favoured by Black, namely, that the particle* of the caloric, 
though self-repellent, were yet strongly attracted by the particles of 
ordinary matter, and that different hinds of matter attracted the 
caloric with different degrees of force. Thus, among any system of 
bodies, ait equilibrium would be established between the self repubion 
of the caloric and the attractive influence exerted on it by the matter, 
and caloric would I*** from (me body to another until this equilibrium 
was establish yd. 

The fundamental quality demanded for the heat fluid was that ii 
wu indestructihle and uncruatable by any proeos. lbs lies became 
wanner when caloric was added to them, and grew colder as it loft 
them. In this respect it possessed the essential property of ordinary 
mutter—a property also attributed to energy, which replaces it in the 
dv nam sen I theory. 

Vs to the possession of the other property of nutter—namely, 
weight— a great diversity of opinion existed. Some philosopher* held 
that caloric had weight, while other* held that ii had not. Kxperi- 
merits cm this point were difficult and doubtful, and contradictory 
results were often obtained. At the close of the eighteenth century* 
however, the general opinion in tho best informed circles was that the 
heat fluid was imponderable, and in thitf respect is differed fioui 
ordinary matter. Count Bmn3M a finely settled the point by a set 
of delicate and mohi instructive experiments, from which ho concluded 
that “all attempt* to discover any effect of heat upon the apparent 
weights of bodies will be fruitless/' 

That equal weights of different substance* require different amounts 
of caloric to raise their temperature tbrough the same interval w m 

J fbp 4 . Lrcturti U'k fAe Ehmtritjt rvf Pbrmi'try, ’-id. i p- -5-t. 
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eaiily x p];i i n ed by the calorists on Cleghori] f s supposition, that 
different kiml.-i of matter attract thq caloric ilifferentiy, nnd coti^e- 
i ]ucotljr it wai reasonsblq to tuippoao that Home substances would 
absorb greater quantities of caloric than others in rening through the 
aiitne range of temperature* Other very plausible explanation ft of 
physical phenomena were arrived ft t bv thq partisan* of this theory. 
Thu* the general ex j morion of bodies by heat followed as a natural 
consequence, for, the caloric being a self-ropcllqnt fluid, when the 
quantity in any body increased it was to be expected that the self 
repulsion of this fluid would cause an increase of volume. Even when 
heating caused contraction, it was not difficult to find analogies in 
support of the theory. Thus contraction occurs when wafer and 
alcohol are mixed, and in alloys of cop^r and tin, ami in some 
chemical combinations the volume of the combination may Inc less than 
that of either constituent. 

To explain his doctrine of latent heat. Black supposed that caloric 
could not only exist in the free state, that is as sensible heat, hut also 
in combination with matter, in which case it became Intent and in 
active. It could not then Lie detected by the thermometer From 
this point of view water is the result of a combination id the snthUance 
of icq with a certain proportion of caloric, and steam h a com bum Lion 
of water with a further quantity of caloric. This doctrine, proposed 
by Black, wa* not howqvi i generally accepted, There were many 
xvho thought that liquefaction was not attributable to heat alone. 
They considered, for example, that water was a fluid from am essential 
quality, depending upon the supposed spherical shape of iia particles, 
and that the freeing of it depended upon the introduction of some 
extraneous substance* such as frigorifle particles, etc, b and (InV view 1 
was supported in ihe case of water by the increase of bulk in free ring. 1 

The conduction of heat—that is, its transference from one body to 
another in contact with it, or from one part to another of ihe *anio 
tody—also presented up difficulty* for the caloric was supposed to 
flow from places of higher to places of low er temperature, as a liquid 
flows fmm places of higher to places of lower level, The flow of the 
calorie from higher to lower temperatures was a consequence of the 
supposed mutual repulsion of its particles, 

So far the explanations of the calorics were certainly satisfactory, 
although in some cases they were cumbrous and difficult of application 
We shall, however, see immediately, a* farts accumulate, that cases 
will come to hand which cannot be explained by the caloric doctrine, 
ut least without radical changes in its fundamental postulates. 

3 Till* view was deftuuird by Trat, ^m^hciihroccfc, dr Aqm, 
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3ft. Heat developed by Friction. —That heat may lie freely de¬ 
veloped by friction rectus to have been well known to all classes of 
men from the earliest times. Every schoolboy' is well acquainted 
with the fact that a brass nail may be heated to n [tamfrtl degree by 
nibbing it on a wooden »t?jit + Friction, indeed, is the ordinary 
resource of Hie savage in lighting his fire. 1 

It is on account of the great heat developed by friction that such 
precautions are taken to keep the nx les of railway carriage* well 
greased, and even with the utmost provision against it the axles and 
axle-boxe* of express trains Income so warm that a stoppage or slacken¬ 
ing of speed becomes necessary. Outbreak* of fire arising from the heat 
developed by friction between the wheel and a vie of a rapidly-driven 
carriage have not infrequently occurred. An analogous- development 
of heal is produced by percussion* A soft iron rod rapidly hammered 
on an anvil may bo heated by an experienced hand to the point of 
incandescence, while a few strokes will warm it sufliciently to light a 
match. In like manner a bullet is found to be considerable heated 
after striking a target. The flash of light often seen when an iron 
shot strikes si target shows that the IiceU developed by the impact i* 
Autlicieiit tij raise to incandescence the scattered dust and particle* 
abraded by the eolli^iom 

In like manner there is a development of heat by friction in 

1 Till CJjtsEuSio at thv Fkiupaa pratt*?* tha hlimt end of o IJtfttbld rod abnut IS 
fnohfil ipag agmm.it liia bru^nt, ami tin- other Hid, which ii | dinted, hr in * 

hole drilled in ft piece of dry wood. landing i]jr ml by tl^ pcwiure ihf hh ti™|v h 
Ijv si L irca Ihr curv'd jmn: nml lliriu it rapidly round r (ill the humt developed by tin- 
fHctlop uf l\w fttfftil«*l die Muck .if wiud h auftiawnt to prodne* ignition. In 
Aitritmliii a ad IWintihi ignition in product*! by the rapid twirling c f tlm jMimicd 
stick irftWEen the pnlm* of the hn nd*. and miiSng the Ktfpiimn u 3c one pen«m matot 
tbc end at the rod agalmil 1 lie piece of Wftud. While another prvdaccs 4 rapid rotAtfoTi 
to urn I fra by mean* of a thong. 
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liquids In the ordinary process of churning there 1 a a coniideriiblts 
ride in the temperature of the milk before the operation is completed. 
^ fl t«r T or any other liquid, may be limited in the same manner, and 
it was by an experiment of this kind that Joule first determined the 
dynamical equivalent of heat, that is, the relation between the quantity 
of work spent in churning and the quantity of heat developed by the 
process. 

31. The Fire Syringe,— One of the most interesting illustrations 
of the dynamical generation of heat is furnished by the tiro syringe, 
i’his instrument consists ul a stout cylindrical gla^s tube, accurately 
boreil and ■] nit-e smooth within. Alt air tight piston is titled into it, 
so that by forcing the piston forward the air in the tube is compressed. 
W hen Ute nil 1 is thus forcibly compressed, heat is suddenly generated K 
anil the rise of temperature thus developed may be suttident iti ignite 
a piece of tinder attached to the inner end of the piston. 

If A pel lot of cotton wool, moistened with bisulphide of carbon, he 
thrown into the tube nod then immediately ejected, so that a mixture 
of its vapour and air fills the tul>e T a dash of light will he seen on 
suddenly com pressing iJm content*. The boat developed by the com- 
pression hits been suUndent to ignite the vapour. 

The converse operation — the development „f cold or destruction 
of heat — may be also illustrated by means of this or some similar 
apparatus. 1 Thus if the gas be comprised, and after attaining a 
fixed temperature be allowed to expand, pushing the piston before 
it + "O Shat work is done against ihe external pressure, a noticeable 
fall in the temperature of the gas will occur* 

rhat the temperature of a gas is elevated by sudden compression 
and reduced by expansion -emus to have been first noticed bv Dr. 
Cullen and Dr. Darwin* 9 This fact being once noticed would naturally 
Ivad to an inquiry as to the quantity of heat developed by a given 
compression, or the relation between the amount of compression and 
the change of temperature or quantity of heat developed. Dalton 3 
was the first to estimate ibis change of temperature with some degree 
of accuracy, and from his experiment lie concluded that when air is 
compressed to otic half its bulk a heating of F L occurs, with a 
similar cooling when a corresponding rarefaction lakes place. 

1 For tlAliqrio* by allowing air E» cscap* horn n xvamal In which it him bwB 

nmpnmi. Thu coo litis eOWt wlran small may U ragUtored by ^nu- saniltiVv 
l Iwnno-etotrfc uppuatai . Th* idling a indiced by the cxpiBsbn n r otrl»nb ^ id 
gas wh#tt MflRptlift ilndf-r high pwinv into tfio a lump hi-re, h so gri«at that Lhe 
<‘*wping gas hKcmaa not merely liqitf!'n*d but actually Mlidiiicd. 
s Joide, MM. Map,, May IMS, 

BaltOHj. Mtutm?* <•/ LiL Qfct Pf \t,L &h\ uf Jftrne&fstrti voL v, pt, u * f 251-265. 
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Subsequent tv Dulong 1 showed that equal volumes of all gnaw 
taken at the suit if temperature amt pressure evolved (or absorbed) the 
same quantity of boat when suddenly compressed (or dilated) by the 
same amount, 

32. Explanation of the Calorists.—That heat is developed by 
friction and jiercnssioii whs well known to the supporters of the 
caloric theory, ami accounted for by wcll-fiiimeri by jKitheses. Tims 
any body in its normal state possessed a certain capacity for heat, and 
contained a certain quantity of caloric at a definite temperature. 1 er- 
cushion altered the condition of the substance and lessoned its capacity 
for beat. Some of the caloric was squeezed out of it, and, being thus 
set free, manifested its presence by the rise of temperature^ Similarly, 
in the bam me ring of a nail, the caloric was simply hammered out of 
the pores of the iron. The molecules of the matter were driven 
closer together, and the caloric was ejected. In the case of friction, 
however, part of the material waft abraded or rubbed into powder, 
and the caloristK postulated that the capacity for beat oi the powder 
was smaller than that of the solid from which it was abraded ; there 
was thus an evolution of heat. 

This reasoning is strictly philosophical if the assumptions on which 
it is based he true, viz. that the capacity for lwat is less in the slate 
of powder than in the solid state ; mid further, that heat is .inde¬ 
structible, or that the quantity of heat fluid in the universe remain* 
permanently the same. The cal oris t a did not, however, appeal to 
experiment to prove that the capacity of a body for heal was less in 
ihe state of dust than in the block. If they had done so, they would 
have found their postulate overthrown, and would have been forced 
to abandon their theory, or devise some other explanation of the heat 
developed by friction. The production of heat by the friction of 
liquids, as in the process of churning, could scarcely be explained on 
the eain* linos- Here there is no abrasion, no apparent change of 
state or powdering of the material, and consequently no room for the 
postulate that its heat capacity is diminished hy the process which 
generates the heat. 

The peculiarity of the heat supply obtainable by friction us that it 
appear# to bu inexhaustible, so that the quantity of heat obtainable hy 
rubbing togcilu-r two bodies which do not abrade would l>e infinite. 
This cannot possibly be ck plained by the supposition that the heat 
capacity of the substance is less in the powdered or compressed than 
in the original state, but its explanation must be looked for in the 
action or agent which cause- (lie rubbing. From this point of view 
1 UnluBg, itJiw. fffl tXililfr, 2“ sirie, tutu. ill. Jh till, 16US, 
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l he heat developed irv the result of the work done by the itgent pro¬ 
ducing the rubbing. 

33. Rum ford's Experiment, The firnt experimentfd investigation 
into the true nature of heat was made by Count tiumford 1 in 1198. 

%\'IjI3o engaged in tiie boring of hrn&a cannon at the military 
arsenal in Munich, he was struck by the high tempo re lure of the 
metallic chips thrown off, and by the excessive development of heat 
during the process. In order to investigate the matter thoroughly he 
prepared a hollow gun-metal cylinder, formed in the waste head - of a 
cannon, and mounted it so that it could be rota let! by horse power on 
a horizontal axis, while a blunt steel borer prettied against its bottom, 
Tbe cylinder was covered with a thick coating of flannel to prevent 
lusa of heat, and u small radial hole to contain a thermometer was 
drilled into the bottom, and terminated al its centre. The bulb of 
ihe thermometer was thus at the middle pjiiLt of the thick bottom of 
the cylinder^ and the stem projected from it* buIl\ 

At the beginning of the experiment the thermometer stood at 
6U F. f and after ball an hour, when the cylinder had made 960 
revolutions, the temperature was found to be 130 F., which fairly 
represented the mean temperature of the cylinder. 

He i low removed the metallic dust nr scaly matter abraded by the 
friction from the bottom of the cylinder, and found it weighed only 
337 grains troy. 4h 1- it possible," he exclaim*, “that the very con¬ 
siderable quantity of heat produced in this experiment—(a quantity 
which actually raised the temperature of alHive 113 lbs. of gun-metal 
at least 70 degrees of the Fahrenheit thermometer, and which, of 
course, would have been capable of melting 6£ lbs. of rice, or of causing 
near 5 lbs. of iee-coh! water- to boil)— could have been furnished by 

1 ItLimfaTiJ, . P&it. JViJi#,, 17P8, O&unt Hillmfurd r n i lafcru? woa Eenj.miL u TlientaetL 

He wm bora iri 3753 iti Wubnrii, tirur and wu driven to Europe for fiia 

bjfilty during tbe n^tlioDfif the British wlnnivH In America. He vnnon^ 

Ink|h>i lanX reforms in Havana, and chore the title by which ha h generally known 
(aiil which waanenferned m Mm for hi* carrier) from a village in New Hampshire, 
now caltad Concord, wliera lie was obliged ta leave hh wife and infant daughter. 

2 Tlio nfr/(tRfflfr ot bewth Was a noSid ma*S about 2 feet long, ppo- 

jr cling beyond tbe muzzle of the gtm. This wa- ant u|[ l)efore baring. It kua isatt 
with the gun in order that it* weight on tbe lower parts might make them compost 
Without tin* pmudticm the mtUl an the neighbourhood of tlie [luizIl* vrould k 
nuore or leas |Wraus. # 

J The ■‘■.ttcrn.iL diameter of thi- cylinder wa* 7} in. k and it* length @ r S in. The 
diameter «f the internal cavity (which Was drilled out) w*» Z m 7 Ln. p nud its depth 
7“2 in r , so that the bottom WSi SE'd iii. [hick. The bflltT wmmjii llat jiicc* of hardened 
Steel 4 ill. long, 0 J 6i in. thick, and nearly a- wide a- the canty, viz. in. It 
was kept fined and peered again*! the bottom of the cylinder by means of a strong 
fOttw with a pressure of 10,000 itui- 
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.so inconsiderable a quantity of metallic dust, ami this merely in eon- 
sequoiiee of cj rJnwi£f in its capacity for heat f _ . „ But without 
insitting on the improbability of this supposition, we have only to 
recollect that from the refgtlts of Aetnal and decisive experiments, made 
for the express purpose of ascertaining that fact, the capacity for heat 
of the metal of which great guns are east in m4 srew'% by 

being reduced to the form of metallic chips in the operation of boring 
cannon, and there does riot ream to Iw any reason to think that It can 
be much changed, if it be changed at all, in being reduced to much 
smaller pieces by a borer that is less sharp.' 1 

This test was not, however, conclusive to the caloriets. It was 
not sufficient to prove, as Uumford did prove, that the capacity for 
heat of the solid me tat was the same as tliat of the chips, It was 
still necessary to prove that equal masses of tI t- solid metal ami the 
abraded dust always contain the pmur qattniUtf of heat when at the 
same temperature. A calorist might -ay that although tueUil ami 
the dust possess the same thermal capacity at the same temperature, 
yet the solid metal contains a greater quantity of heat Elian the dust, 
the difference having been evolved during abrasion. It has been 
stated, that this point might have been settled by melting equal 
weights of the two, and observing the quantity oE hem necessary to 
change equal weights of the -olid anti abraded du.*t iuE" fused mei .d, 
If these mv equal, and if it be allow ad that the fused uhlss i> exactly 
the same in all icspccU in one care in the other, then the dust and 
the solid metal will i^ntuin equal quantities of heat per unit weight 
when at the same temperature* A similar test would be by solution 
in nil acid, and observation of the heat of combination, Hum ford* 
however, did not stake his opinion on such experiments as these. 
He adhered firmly to the one main point and feature of the experi¬ 
ment, namely, that the supply of heat is inexhaustible. If the heat, 
were rubbed out. of the material, a stage would be reached at which all 
its heat would bo exhausted, No such stage was ever observed. The 
supply wai as free and copious at the end of the cxpei imcm aa at t he 
beginning* All that was necessary was the continued working of the 
machinery. The quantity of heat obtained depended in no way on 
the amount of nibbing or hammering the brass had previously received; 
it depended only on the work spent in friction during the experiment 
{sew further, p. 41). 

Kmnford also proceed&cl to determine if the exoliidun of the air 
from the cylinder hint any effect. For ihb purpose he closed the end 
tjF the cylinder with a tight-fitting collar so that the air had no access 
to the interior during the expendmeat, but he found no observable 
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difference in the result. Ho also placed the cylinder in a wooden box 
tilled with water in such u manner that it could revolve either water¬ 
tight nr open, while the borer priasod against. its bottom as before. 
At th<: beginning of the cxj>oriineiit the temperature of the water w»* 
GO K. One hour after the nmehinery had Ih-cii set in motion the 
temperature of the water, which weighed 1S'77 lbs., was 107 l’„ or 
had been raised 17 F. In thirty minutes more the temperature was 
142 F, and at the und of two hours from the beginning of the 
experiment the temperature was 178- F„ while in 2.1 hours the water 
actually boiled ! 

lie then proceeded to calculate the quantity of heat possess til by 
each pari of the apparatus at the conclusion of the experiment, and 
found that the total was sufficient to raise ■Jti'nS lbs. uf ice-cold water 
to the boiling point. This, together with thu duration of the experi¬ 
ment, gave the rote at, which the heat was generated tube “greater 
thrill that produced in the combustion of nine wax candles, each three 
quarters of nit inch in diameter, all burning together with clear bright 
flames,’ 1 

“One horse," he add#, “would have been equal to the work per. 
formed, though two were actually employed. Ilcat may thus he 
produced merely by the strength of a horse, and in a case of necessity 
this might be used in cooking victuals. But no eimiinatuiice could 
he imagined in which this method of procuring heat would be ad¬ 
vantageous ; for more heat might t* obtained by using the fodder 
necessary for the support of tin* horse as fuel. 

“ In meditating over the results of all these experiment#, we arc 
naturally brought to the great question which has so often been the 
subject of speculation among philosophers, iiaincli 

“What i# Heat f—l's there any such thing as an itmows 1 I* 
there anything that can with propriety be called 

“ We have seen that a very considerable quantity of heat may be 
excited by the friction of two metallic surfaces, arid given off in a 
constant stream or flux in ail dirertums, without interruption or inter 
mission, a ml without any signs of diminution or exhaustion. ..." 

“In reasoning on this subject we must not forget that most 
remarkable circumstance, that (ho source of the heat generated by 
friction in these experiments appeared evidently to be tnea^MirfiWr.' 

“It is hardiv necessary to add that anything which any insnUtkd 
body or system of bodies, mm continue to furnish without UmiMwu 
cannot possibly lm a material whlnnt *; and it appear# to me to Ire 
extremely difficult, if not quite impossible, to form atiy distinct idea of 
anything cabbie of being excited and com in indented in the manner 
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the heat was excited and couunu mealed in these experiments except 
It be MOTION.” 

34. Davy's Experiment.—Thu fatal blow to the caloric theory 
was deli retell by Humphry Davy, who first, showed ihsrt two pieces 
of ice may he melted by simply nibbing them together. Divvy reasoned 
that if ice can be liquefied by friction, a unbalance (water) will he 
produced, which is allowed by all parties to con tain a far greater 
amount of hum than the iuu. * Liquefaction will then conclusively 
demonstrate the generation of now beat. He tried the experiment 
and auceecdfdr He say a : 1 H T procured two paridliekpipedoitf of ice 
(the result of the experiment is the same it wax, tallow, resin, or any 
substance fusible sit a low temperature be naed) of the temperature 
2 # F.j 6 inches long, 2 wide, and fij of an inch thick; they were 
fastened by wires to two bars of iron. By a peculiar mediam^rn their 
.surfaces wore placed in uontACL, and kept in a continued and violent 
friction for some minutes. They were aEmoat entirely converted into 
water, which waiter was collected and ks tcnij?erature ascertained to 
bu 35 F. h sifter lUluaiiiing iu an atmosphere of a lower temperature 
for some nmaiiteft. The fusion took place only ;«i the plane of contact 
of the two pieces of ice, and no bodies were in friction but ice. Froiii 
this experiment it is evident that icc by friction- is converted in to 
water, and according to the supposition of the calorists its capacity is 
diminished i but it is si well-know n fact that the capacity of water 
for heat b much greater than that of ice, and ice must have an 
absolute quantity of heat added to it before it can be converted into 
water. Friction consequently dot s not diminish the capacities of 
bodies for heat**' 

Davy then proceeded to determine if the heat which produced the 
liquefaction could have been derived from the air or bodice in contact 
with the ice. For this purpose be caused the experiment to be 
performed by clock-work under the exhausted receives 1 of an air- 
pump 'surrounded with iuc; but in this ca.su ideo liquefaction was pro- 
ducod as before. + Hu consequeialy concluded that heat is pr&lwd 
by friction, and that calorie, or the matter of beat, does not exist ; 
that 14 a mo I ion or vibration of the corpuscles of bodies mmt bu 
necessarily generated by friction and percussion* The ref a re w r e may 
res&mtahiy conclude that this motion or vibration h heat. * „ H Heat 
then .. .. * may bu defined as a peculiar motion, probably a vibration 
of the corpuscle* of bodies tending to separate them*" 

1 Davy, “Essay on Ui'Ai and light &Uh 1 Combiutioucf Light/' CtFMjrfrk Work*, 
Toi r it |.. 1L This wn M* l5r.it oontrltml ion to Htkoc^ :mi wn- |iutil tehed iil 
17 UU la Ulr UvutribiHitin* to Fk#sit&l ami Maiteai JCiwwfo rfjpg, print! LpaHy frum ihc 
w«4t uf England. Collecttd by Tiiotiiiiu UeJdws, X! r D r 
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The min*I? of scientists were, however, :$o imbued with the caloric 
doctrine that the experiments and arguments of Davy attracted but 
little attention. They were even treated by some as wild and 
extravagant speculations. Even Davy himself did not seem to be 
confident E Lis subsequent writings do not beat the mark of complete 
conviction which ehnrauterises so iinmirtakubly those of TEumiord, 
and it was not until 1813 that he distinctly 1:> i• I down 1 that 

The immediate cause of the phenomena of heal t« motion, and 
the laws of its communication arc precisely the same a* the laws of 
the communication of motion. 1 

Both Un in ford and Davy might, however, have been successfully Ponkm 
met by any eulorist who was willing to Abandon some of the less- ^„J? t|lk 
essential parts of the doctrine. When heat is generated by friction 
or compression, the colorists accounted for it by atoning that the 
uipadty of the material for heat is diminished,, or that the heat is 
rubbed or squeezed out of it. Now Eet us suppose that it is pro™I 
beyond doubt that this is not the case, IIow then i* a Caloriet to 
explain the evolution of heat In Rnmfonl s experiment • By the fuiida- 
mental tenets of his doctrine he is bound to consider heat as inde¬ 
structible and unerd!table ; but in this experiment a constant stream 
of heat flow* from the parte in friction a> long jib the motion continues, 
and no equivalent lose of heat can ho detected elsewhere Any 
competent reasoncr will therefore turn tu the agent which keeps the 
machinery in motion. The calori^t will by forced to state that the 
heat evolved in R uni ford s experiment comes from the horse, and in 
making this assertion his position will l>o ^ strong, but scarcely so 
acceptable or mt ion a I, as that of hie opponent, Briefly stated, the 
position of the ealorist would be that heat is an imponderable fluid 
which cannot, bo created or destroyed, and therefore if heat appears 
to be generated in any mechanical process it must be derived from 
the agents or sources which maintain that process. The opponents of 
the calorie theory, on the other hand, assert that heat is not a Hind, 
but may be developed by the expenditure of work or energy, While 
one party might say that the calorie (or beat) is derived from the 
hori^e in Romford's experiment, the other party maintains that 
energy Li derived from the hor^e, and the heat which is evolved h the 
equivalent of it. The fundamental postulate of modern science concern¬ 
ing energy is that it cannot be created or destroyod, and this is exactly 
the property demanded For caloric. The horse in Rum ford's experiment 
suppiks something to the machinery w hich possesses exactly the same 
fundamental quality of permanence according to luoth schools. 

1 Davy, Jtttmtnto ef Uh*m PkiUmphy, )*, &4. 
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35* The Dynamical Equivalent of Heat— Joule’s Ex peri me ms. 

That some relation exists! between the work gpeut in driving the 
•t|i|Kirai ii* mid the Heat tlevelojxid tn Count Kumford'n experiment 
had doubtless floated before the minds of many philosopher* before 
either the correct enunciation or the exacl expertinternal determunition 
of this relation was made. A rough estimation indeed of this relation 
may be obtained from the experiment actually performed by ttumford* 1 
The accurate inveatigation of the whole subject was taken up by Dr. 
.Ionic of Manchester in the year 1840, and continued for a tong |*eriud 
with the highest experimental skill in several distinct investigations 
The object of Joule's inquiry w;ts to determine exactly the quantity 
of heat developed by the expenditure of a known amount- of work, 
whcst this work is spent solely in producing heat by friction. 

The method employed was practically a modification of that used 
by Bum ford in showing that heat k developed when work h spent in 
friction. The modification eonsistod in the adoption of accurate 
methods for estimating the work spent and the heat generated. The 
heat was produced by friction of a brass paddle revolving m water 
contained in a specially miistructod brass vessel, so that the water was 
heated by a kind of revolving-churii process* and the tempo rati ire wa a 
registured*by means of a delicate mercurial thermometer. The piddle 
WjL * driven hy two leaden weights ait icheil to a doubled cord passing 
over two pulleys* ami the work spent in turning it was estimated from 
a knowledge of the urns of Ehe weights and the height through which 
they deluded. 

After all corrections* were made, Joule decided that his mean 
result was 773 foot-pounds per degree Fahrenheit between the 
temperature* 55 and GO' F. That m 5 the work done in raising a 
weight of one pound through 7 72 feet in. the latitude of Manchester 
will, if spent lit friction (between brass and water), raise the tem¬ 
perature of one pound of water one degree Fahrenheit, The unit of 
heat being t ho quantity which will raise unit mass of water one degree 
UunduttuL Fahrenheit on the mercury thermometer,, and the unit of work being 
l3<k n ‘ that sjHjiit in elevating unit mass one foot, the general relation between 
heat and work will be II = W 772, or \Y n 7731L 

]f the unit of heat be that required to raise unit uuiss of water 

1 Tim* RurijfiHtrl oHiiTMAtfd da- Uictmiit capacity of tbe ujiti-r nnd apparatus ua 
-juLrAlcnt to that ofM + SS i^ r «f iL*|pr+ Furtbvr, cue horna waa Mifljmat to mm 
til* lutdlipury and ediauga Lite ti'Uipcrature of thin mast from 33' to Y\ ]n twa 
sinl n hnir honns- Uin rate of iuflrtmwf of t»inpcT*Kura being about i -ri j Wr minute. 
Tikis ^ives til? foot-poundi jl-s the -lynannfril eqcUvELh-nl,. 4 uiunher which i- nulv 
about 1 1 > |mt tent in cicpsj of mtlfflati'. 

s Except reduction to th* air tlmmiomutcr, mtjChap, VJi3., Sectioa L 
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uite degrue cen£jgrmie p the work equivalent will he the £ of 77: 1 , that 
in 1390, the unit of work being the same as before. Rut if the unit 
nf work lie that spent In miaing unit mass one metre,, the value of 
the mechanical equivalent will be 4 2 4, Tlii* is expressed by saying 
that the mechanical equivalent of heat is 42-t gramme-metres, or the 
work spent in miaing a weight of one grain me to u height of 424 
metres wiII T if spent in fraction, produce m much heat as will 
raise the tenipcmtiire of one gramme of water one degree centigrade. 
Denoting the value of the mechanical equivalent l>y .1 in an y system 
of Units, we shall have bet ween the work spent and the heat produces! 
the general equation— 

W=JJ1. 

1 he symbol 3 represents the number of units of work necessary to the 
generation, of one unit of heat, when the work u all spent in gene nil- 
ing heaL ft ought to be renumbered that in the ex peri mom & devised 
by [tumford and doiile^ the work may mi all bo spout in generating 
heat r There may be electric or magnetic actions developed, or other 
nations may lake place which we have m yet no means of detecting. 
If any such actions take place, the values of I derived by different 
methyls and with different tiiaterials would not be exposed to be 
equal, and if they are found to be equal it does not prove that mieh 
action^ do not occur, but only that the ratio of the part of the work 
*pcnt In producing heat to that spent in these other actions is the 
same in all the method* employed, or that the game definite fraction 
of the work is spent in all the methods in producing heat. 

-Joule was quite dear on the point that if the work is really all 
^peni in producing heat, then with every form of apparatus we must' 
obtain the same amount of heat for eIiu expenditure of the same 
u mount of work. Ho consequently determined the dynamical 
equivalent by the friction of other liquid* than water, and by other 
methods tlmn friction. The results nf three sene* of experiments 
gave— 

r Friction of water cental ned m * hr*** vc«cl with * biw* peddle J = 772-tf0.V 
(2} Friction of monmiy contained iti an iron vessel with iron [vmUUv J =774*08®. 
{3) Friction of two inm ring* nibbing ogaiimt oueb other in nuumry J - 774 987, 
!□ 1878 Joule uppreted hU x|ktJiili'IlIm, 4 iir| foanil l\w mimbtr 773for Uk< 
dytuunicaL oquhabnt in the Imltnrfe of Mmidi&rter- Thirs tvdnced to tlw mu,- 
levd .tinI the l&Eftnde of Grvenwidt, Wanics. 773 492, th« umt of heat bring that 
iihsi;li r&i*c4 the t^q^rwturc of I |U of waitr From GO to 01* K. p the weighing 
ta'ing nintb; with biRH* weights when the hoftnucEur sti**! at :t0 in. When the 
weighing ii mode ip vacuo thin htseomf* reduced to 772^5, (In 18711 Jonk- inude a 
I’JirL'fnl cosaptfUtm of hts thttmwmcLrr with nuv which JuuJ Wn sLn mlanl Lswl hj 
Rovrlind. The rtsulltt w‘rro published u &ii iqq^ndtos to Rowland's |iajtf?r in I he 
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Pneu<ii*tjt of tkf Avttfican AtaAtmy far ManA 1S80. A uunsiikraLle eaneution 
"" »« »»iw t* be wttmry in the mint* »htnJ»i] by Joule, Aynifl, Joule fad 
amanivJ Reguatilt^Mprtsslop for the ^pvciflc beat of water. end s wmulion Hit the 
c^Jmcity for lient of the calorimeter wit* also isjuU-mt fieewsmy by the ehaagus hi 
t IS LiUTmoniolry. J'ontv'M result w given in the Klxwe-mentiuucrl pa^er W 7'-ITS, 
* , ’ when n-Fl corrections are applied, iwenmi-H 'for t*ui|i. lit '7 0, and latitude of 

lie I ti more' 778-5 (E. H. Urtflith. mi. Tram., A, W3, !»},) 

Initcs experiments on this subject have been carrisd out by 
i’i'ofesaor II, A. Ifowlund* and several others. The experiments of 
Itowlaml are remarkable for their range and cor a latency, as well as 
for the skill and com pie ten with which they were executed. They 
were com! listed at tempo ml urea varying between 33-1 F, and &6' ‘B 
F. (a much wider range than that employed by Joule), and gave 
h-sliIi* varying from 774 ■" to 7 78-3 on the mercurial thermometer, 
and from 7 75*9 to 783 4 oti the sir thermometer, the higher results 
being obtained at the lower temperatures (sec further, Chap VIII.). 

When the gas t hermometer ia taken as the standard, and the unit 
of heat as the <|Uantity required to raise the temperature of unit 
mass of water 1 at a temperature of 20° C. on the gas thermometer, 
tlm foregoing results may be replaced by the numbers- 



»i S J J7 {'tfrfcmmi!*Tnetrt* degree « 

= 77*J i ront-jKmnd* ilDgrae !’,) 

- (foot-|Mmitf|a ilrgpce 0,) 


36. Transformation of Heat Into Work. Wo have seen how 
Fviimford, Davy, and Joule proved tbit the work done by animals or 
falling weights may be converted into heal, arid we shall now consider 
the converse operation — the transformation of heat into work, or the 
'derivation of mechanical effect from thermal agencies. 

This process is exhibited in the steam-engine and nil other heat 
engines. Thus in the steam-engine fuel is consumed and heat 
generated in the furnace, and at the expense of this heat the engine 
ih set in motion, mid work is performed. The kinetic energy of the 
particles of a hot body, which, according to the dymimical theory, 
constitutes its heat, is thus transformed into the visible motion of the 
parts of the engine, and this in turn is transformed parti v into 
external work, or mechanical effect, such ns the raising of weights or 
communicating motion to or altering the configuration or state of 
other bodies, or systems of bodies anti it is partly frittered down 
again into heat developed by the friction of the jwts of the engine 
itself, or of other bodies which it may set in motion- 

Thus in a locomotive the heat drawn from the furnace passes first 
into heat motion or energy of the particles of water and steam ■ this 
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[n turn losses into the. motion of the ranch in cry. All the visible 
motion of the engine and its parts is thus derived from the invisible 
motions of the molecules of the water vapour, which in turn cornea 
from the furnace, and this invisible motion or agitation of the mole 
CEd» of a body we regard ar the source of its sensible heat, mid the 
performance of work by a heat engine wo regard merely as a trans¬ 
formation of the kinetic energy of the particles of the hot body, or 
source of heat* into the visible energy of motion of large masses, or 
into that energy of position which wo call potential energy. When 
a train in propelled by steam-power, part of the energy derived from 
the furnace is converted into energy of motion of parts of the 
apparatus, and part of this energy of motion will, if the train h 
ascending an incline, be converted into energy of [josstion or potential 
energy, and part will bo re-converted into heat developer! by friction 
in the rails, air, and parts of the train. If the train moves uniformly, 
the moving parte aro giving out as much energy ns they receive from 
the furnace ; if iU speed ^ being accelerated they are receiving more 
energy than they give out: and if its speed is diminishing, they are 
receiving Wa t The potential energy mighr be recovered again as 
motion (in part at legist) by allowing the train to fait to its original 
level. The engine (hi is acts the part of a still, in eon verting energy 
which first exists as heat motion in the furnace into visible motion of 
the machine, and this again into heat motion developed by friction. 
In all heat engines, however, by far the greater part of the heat 
energy is given out m such, without being converted into mechanical 
energy at all. 

If the engine I*- employed in merely producing motion in itself or 
other bodies without altering their relative positions or stale, and if 
those motions finally subside through friction, as in the case of a 
train coming to rc*t at the mrm level as that from which it started 
then on the whole there will be no external work done, there will be 
no mechanical advantage gained r and all the heat derived from the 
furnace will bo frittered down, and reappear again m heat developed 
by the friction which brings tin: mafia to rest If, however, work 
hm been done by the engine in raising its mass* or any other masses, 
to a higher level, an equivalent of the heat drawn from the furnace 
will disappear; this will have been used up in doing work; viz. the 
work necessary to raise the masses to the higher level; the remainder 
of the heat drawn from the furnace will reappear as heat developed 
by friction, so that the heat thus developed is not now the complete 
equivalent of that drawn from the furnace, but is iezs bv an amount 
W J where W is the work done in raising the masses. 
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The direct verification that heat disappears when work is done 
by a steam-engine was first ex fieri mentally demonstrated by Him in 
I 85 7 t but m early ** 1839 an essay wan made by Hegiiin in l he 
flame direction. 

'Him actually measured in an ordinary working steam-engine the 
quantity of heat which wa* carried from the boiler in n given time, 
md a I so the quantity which reached the condenser during the same 
interval. He also calculated the quantity lust by radiation and con¬ 
duction over all parte of the machine, and found that when the 
engine was at work, turning other machinery, the difference between 
the quantity of heat winch left the boiler and that which entered the 
condenser was much greater than when the engine performed no 
external work, and the steafti merely parsed through the engine from 
ihc boiler to (be condenser. 

Him also pushed the experimental inquiry further, and actually 
deduced a fair estimate of the dynamical equivalent of heat from hie 
observations of the work done by the engine, and the quantity of 
heat used up in performing it, Tlie work W performed in any lime 
can be deduced from the area of the Watt's indicator diagram {sec 
Ait* 06) and the number of strokes of the piston* To determine 
the quantity of heat con veiled into work, the weight of wafer that 
parses from the boiler to the condenser must be estimated. Knowing 
the latent heat ol vaporisation at the temperature of the boiler (see 
p. 3BT) P the quantity of heat Q drawn from the boiler in nny time 
becomes known. But this quantity is not all converted into work. 
Part -of it q ih carried into the condenser, and a part R is lust by 
radiation in the transit. Hence the quantity of heat converted into 
work h Q 7 - R t and the value of J is found from the equation 

lly this means Him obtained the numbers 4IS ami 12G J 4 (grainme- 
iiicitrcfl), which, considering the difficulty of the investigation, must 
be regarded as exceedingly good approximations. 

37, The Two Laws or Thermodynamics — Meaning of the Term 
Law In Physical Science, — Jr bos been shown that beat may lie 
generated by the expenditure of work, and conversely that work may 
he performed by the expenditure of an equivalent quantity of heat. 
A certain equivalence hue been shown, by the experiments of Joule, 
to exist between the work done and the heat generated (or spent) in 
fluch eases* and thin equivalence h known ns the first law of thermo, 
d vmimics. This law' is Algebraically stated in the equation 

W=JH 
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which means that when work is spent in generating heat, nr beat 
Hperil in performing work, them J unils of work are ejuiwilont to 
one unit of heat. 

In the general ease a quantity of work W is spent in driving ji 
machine, and a smaller quantity of work « i* performed by the 
machine—for example, in raising weights or moving certain 
The bitktice \V-« is epont, partly at least, and perhaps wholly, 
in overcoming the friction of the ports of the machinery, wild on 
equivalent quantity of heat is develop. It must not, however, be 
aatameA that the heat thus developed is the complete equivalent of 
the difference W - w. Other processes betides the development of 
lieat may be in operation. Electrical phenomena may occur, and 
generally do occur, when dissimilar substances rub together. Magnetic 
and electro magnetic actions may also take place, and energy may be 
radiated into space or dissipated, during the motion «>r OOllUtoti of 
UUL*$<!S, ill modes which wo arc as yet unable to delect. The expendi¬ 
ture of the work in Joules experiment may not be quite so simple oe 
it appears at first sight, and until it is proved that in all such cases 
the work is wholly spent in producing heat, it is not elenr that the 
value of J, determined by the friction of one pair of substances, should 
lie the same as that detenu in at) in ilio same manner by another pair. 

That other actions do take place can scarcely be doubted, and perhap 
it is to these that the differences in the determinations of J by different 
methods are to be partly attributed. The corrected equation would 
h thiri case be 

WmJH +■ n\ 

wIilto w represent tie quantity ot work spent in developing other 
pbonomsna hitherto unnoticed. 

The second law uf thannodynnmfc* was introduced by Clausius &pW 
and Thomson, and these two laws form the basis of ibe modern 
science of thermodynamics. This law, as staled by Clausius, asserts 
that heat cannot be conveyed from one body to another at a higher 
temperature without the expenditure of work, or some equivalent 
process. Thus of a system of bodies at different temperatures any pair 
may be converted into a heat engine, that at the higher temperature 
acting as the source, or furnace, and the other playing the port of the 
condenser. When such ati engine performs work the heat used up is 
always that of the source or body of highest temperature, A certain 
quantity of heat is drawn from the source, and part of this is converted 
into work, while the remainder passes into the condenser or body of 
lower temperature. If the process were reversed work would be spent 
in driving the engine, while a certain quantity of heat would be drawn 
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from the condenser and a certain quantity would be restored to the 
source. Thus in the direct process heat is drawn from the warmer 
utid given in [isirt to the colder of two bodies,, while externnI work ie 
performed by the engine. In this proem the tendency is to equilibrate 
the temperatures of the two bodies In the reverse process however, 
work is spent in driving the engine, white heat is drawn from the 
colder and given to the warmer of the two bodies, and the tendency is 
to exaggerate their difference of temperature* It is front this point, of 
view that Thomson regarded she mutter, and proposed the principle 
that the method by which work is obtained from heat is by allowing 
it to puss from bodies of higher to bodies of |ow r or temperature, or that 
wort may he done by rising up the heat of the warmer of two bodies 
bnt not by u&ing the heat of the colder* In Thomson's Elate men l the 
direct process of obtaining mechanical effect by thermal agencies as 
kept in view, and the impossibility of obtaining work by using up the 
heat of the coldest of u system of bodies is in hinted on. In order that 
heat may be drawn from the coldest body the engine us net be reversed, 
and work must be spent in effecting the proccsn. This is the state¬ 
ment of Clausius, and the two are therefore equivalent. 

An apparent violation of rhe second law of Iharmody natni possible 
bnt for our inability to ileal with individual molecules, has been ingeni¬ 
ously pointed out by Maxwell The fuller consideration of this and 
other matters, together with the applications of the law T will betaken 
up again in the sequel (Chap. YIII.)_ At present it will only be 
necessary to call attention to the meaning of the xvord /uw in physics. 

A law is nothing more than a general conception which embraces 
a series of similarly-recurring natural phenomena. Thus the law r s of 
rejection and refraction of light state general relations between the 
direction^ of tw r o rays which under certain com lit ions are always found 
lo hold. We have again the law of universal gravitation, and thu law 
of the conservation of energy, and In chemistry the 1aw r of the con¬ 
servation of matter. These taws may not lie absolutely true, but they 
are stated us taws because, so far as our experience goes, they have 
not yet been found to be false, i+e. to lead to contradictory results* 
Such laws are not mere logical conceptions, but arc evolved from the 
consideration of long series of observations, and are tested by repeated 
experiment under ever-varying circumstance*. In proportion only as 
they arc found tu bear *uch teats does our confidence In their trust- 
worthiness Increase, They are for the moat juirt working hypotheses 
of the greatest utility in systematising our knowledge and cataloguing 
facts. To find the true laiv of any class of phenomena requires a 
complete know r ledge of the processes by which they arc broughi about: 
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and before we can say that our knowledge of any une bw of nature is 
complete we must have ascertained that it hoMa good without excep¬ 
tion, Only ao far as it bus been tested can ft l>e trusted^ and when 
we say that any law is established: by a series of experiments the 
raiiy* of the series musr lie stated, and it is only assent'd that within 
this range the law is in accordance with the facta. 


SECTION V 


THE WAVE THEORY OF RADIANT HEAT 

3i r Antiquity of the Dynamical Theory. —Haying learned that 
heat may be generated by the expenditure of work, and me we 
shall now consider the theory which h as been founded on these facts. 

The first not ions of the dynamical theory of heat date from such a 
remote epoch that their origin cannot lie attributed with precision to 
anv single person or period* Thus some of the Greet philosophers* 
from mere observation of the destructive effects of heat, considered it 
sis a movement of the ultimate particles of matter. So also at the 
time of the scientific renaissance inaugurated by BacOH* and continued 
by Descartes, we find the claims of the dynamical theory freely advo¬ 
cated. These statement* of the doctrine* however* can only be 
regarded as more or lees acute speculations, a* no sure basis for the 
theory wa& laid till Hum ford and Davy executed their experiments 
nor indeed was the theory generally accepted until a considerably later 
period. The colorist., in fact* had not become extinct lu the middle of 
the nineteenth century ! While the majority of sciezitm* were con¬ 
vinced that light was due to wave motion in the ether, they still 
adhered with the greatest pertinacity to their heat fluid or caloric. 

39. The Ether* —Although wc are forced to regard space itself as 
unlimited, yet there is no mental necessity sola filing us to regard it 
either a* tilled throughout, or in part, with a medium, or its entirely 
empty. When, however, we endeavour to explain the phenomena of 
hr at and light wo are forced to the conclusion that all ejittcc, at leant 
as far as the farthest visible star, is tilled with a fundamental medium, 
which we may call the other. This hypothesis is forced upon us by the 
fuel thus beat and light travel through s juice with a definite velocity, 
and wc Hud it impossible to conceive of more than two met hods bv 
which an influence, travelling in time, may be propagated from one 
body to another situated at a distance. 

Take, fur example, the wise of two nhi|j* at sea h One of thesu mav 
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disturb the other in fit he f of two ways — either by firing bullets against- Twn 

it or by exciting waves in the water (medium between them) which, ^u|4«u- 
diverging from the centre of disturbance* break upon the other shipiiGHs. 

&nd disturb it. In the first case one emits a substance which impinges 
against the other, and in the second it is the source of a disturbance 
which travels through a medium existing between the two. The 
former method ia the basis of the emission theories of heat and lights 
and on the latter is- founded the wave theory* According to the 
emission theory* a hot or luminous b<Kly emits a fluid or a shower of 
fine particles travel ling through space with the velocity of light 
(30t) f 0U0 T G00 metres per second). This theory hat been altogether 
a Sun cloned, and the supposition that the light and heat whirli we 

receive front the sun are due to wave motion in a medium filling all 

space has been universally adopted* The medium is of course hyjio- 
thetical, in so far ad what we term the dked evidence of our sense* is 
concerned* It is not visible or tangible; yet it* existence is advocated 
bv the phenomena of electricity and magnetism, mid, iti feet, by all 
the operations of nature. When wo speak of the direct evidence of 
otic senses* bow do we cbcumacri.be the term 1 what exactly do wo 
mean / what fixed line of demarcation have we to toll us where this 
evidence begins and when? it ceases l 

The notion of such a medium is neither new nor fanciful, nor is it 
lo be regarded as a yA gile sjieculation on the part of scienlists. The 
hypothesis has been admitted on accumulated evidence, and in con- 
sequence of the demand for a rational and consistent explanation of 
all the phenomena of nature. It is certainly ns easy lo conceive of 
sjjace ;is filled with a medium, capable of currying energy from One 
region to another, as to believe that the interstellar space* are entirely 
empty ; and if the question be impartially eoiidKlcral it will perhaps 
lie conceded that wo have really as much reason for believing in the 
existence of a universal other jis i pi that of anything else* 

It is to be remembered,, however* that we do not fiostulatti density, P&uiglAtau 
or compressibility, or molecular structure, or neeesAurfly wry property 
of matter, for [bis ether* except that It can contain and propagate 
energy. It is merely turned as a fundamental medium, by means 
uf which the properties of all substances* and all the phenomena of 
nature, are to l*i explained, It is certainly unscientific to postulate 
elasticity and density, or any structure, for this medium* if by means 
of h we are to account for the elasticity, density, and structure of 

1 The ancient*ciTliiinly h*Vfi h*l n ' 3 difficulty in ad&uttiug t!tc ulmul- 

tadeoufi exhtenuc »f ai-vcHtl etfuTH unit ihipuEtifmblc fluid*, nu>.l »t the prom time 
l\us Vttjst majority <if jieople think o( electricity m a fluid, Lwa tiuHi ! 
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nisi tier. Sneh n procedure docs nut even push the inquiry o no stage 
further buck, 

40- Heat and Lig-ht Reducible to the same Agency*— The idea 
that beat in ultimately duo to a motion of some sort Inis been lung 
entertained. By friction and collision the sensible motion of bodies 
disappears and heat k generated. The supposition has been that the 
motion in such eases is rn?t really lost] but is merely transferred from 
the body as n whole to it a individual particles* Thus when a moving 
body ie brought to rest by friction, or collision, the energy of ihe 
origin a] visible motion of the body is not annihilated, but parses over 
Into the Invisible atoms of the substances taking part in the friction or 
collision. 

Now we have evidence in favour of ihe supposition that light is due 
u> wave motion in the other, and we have exactly the same evidence 
in favour of the some support inn wilh regard to radiant heat. Radiant 
heat {for example ihe heal emitted by hot-water pipes or » blackened 
stove) and light behave in exactly the same way in a variety uf 
experiments—in fact the only difference that can be detected is that 
light, im well as posseting all the characteristic qualities of the radiant 
heat, k also able to affect the sense of sight. 

Radiant heat then, like light, k supposed to be due to wave motion 
hi the ether , 1 We say that the molecules of a hot body are in a state 
of very rapid vibration, or are the centres of rapid periodic disturbances 

1 Among the ecnLemperoric* of Rum ford and lJuvy, Dr. Thomas Young nvumn I* 
(iat~e been ihe only limn who comprehended the fit]I hcnrLiijL; of their e*perime elLh, 
lie called in r|iH-u[.iiiEL (tie pnotlplf uinosod by the oalorjatft., thnt thr? heat itbsorijcd 
hi aay process is precisely the Mine afl flukt evolved when the hody pOAse.-s Wit again 
to iU ioitirtl condition, and pedals cut that thk uvumptiCD had ml been pron-d in 
a disgle WH (* f Lwfcuria on ilka Nature of Heat |H J. That Young hud thoroughly 
gra*sjietL the idea of the wave theory is provid by (hi 1 following jjasHAfto i— 1 If heat 
b* not a suhatainre it must be a quality, and this quality ca® only* be morion. U 
via.? Nowtan'i opinion time beat oodiUU in a minute vibratory motion of the 
pnrtiuLfti of bodice, sad that thh motion 1* comninnieatfid through i\.h apparent 
vacuum by the undulation* of an dutiti medium, which is also eOJjcerued Lli lhr 
phenomena of light. Tf the arguments which have Wn lately advanced in favour 
of the undsilatory nature of light 1w deemed valid, iherr will be *ti[] stronger 
Mmf for admitting thl* doctrine respecting heat, and il wiU only ho newssirj 
to eU|qstB 0 the vibration* and fcindubUionH principally constituting it to ho larger 
muL Ktrfiager than those of light, while nt the (some time the smaller vibrations of 
lighlj and even iho blackening raja, derived from Still more minute vibrations, 
may perhaps, when sufficiently condensed, to near in producing tin: efleetAof heat. 
These eflocU, he-ginning from the blackening ray*, which are- invisibly mi* a little 
mote perceptible in the Violet, which Mill po«*eM but* faiut illuminating power : 
the yellow-green afford the moal light; the fL<d gi?e*1e*S light, hut touch mm heat; 
white the Mill larger and less frequent vibrations, which have no effect on the sense 
or sigh t, may be 5 *ii[i|jo*&d to giv* rise to the least refrangible r.ty* r anrl to constitute 
in v isible heat/ 1 


AI1T. 40 


THE WAVE THEOBV OF UD1AKT liKAT 


53 


iif some sort, that they thus excite wave* in the ambient Either, that 
these waves travel through the ether 1 jet ween us and the body with 
the velocity of light, anti that when they fall upon m they are more 
or teas absorbed by, and cause corresponding motions in, the molecules 
of our bodies, ami thus arises the feeding of hotness, I he sense of 
beat in us is thus excited by the ethereal waves diverging from the 
hot body, just as iho eye is excited by the waves diverging from a 
luminous body* or ns the ear, iri an analogous manner, is affected by 
the aerial waves originated by a winding body. 

The question now arises, Are there two distinct seta of waves m 
tbe ether 1 Arc there heat waves and light waves, or are these waves 

of t lie tmnie nature and type 1 That a light wave also possesses heating 
power at ones leads us to suspect that there is no essential difference 
in character between the wave motion which affects our sense of heat 
and that which affects our sense of vision* To explain how this may 
lie u r e revert to the more easily comprehended case of sound* 

If a Hounding bell vibrates one hundred times i>cr second it 
generates waves in the air which are aboui 11 feet in length, and if 
it vibrates eleven hundred times per second the cerreaponduig waves 
are alxmt J foot long, while fifty vibrations per second will give rise to 
waves* about 7 yards in length, and so on. The impression U]An the 
ear depends on the number of wavs® which fall iqion it jier wcOnd 
—that is, upon she rate of vibration of the Bounding body, and as a M*A ot 

consequence we derive the idea of pitch, Ihm we fety a note is 1 

high or low according as the number of vibrations per second h 
comparatively large or small. Further; the range of the ear is 
limited, and the rate of vibration’ may he so high lhal ihtt car fails 
to respond to the demand upon it, and the rate of vibration may, on 
the other hand, bo ho low as to cause no distinct impression. In 
other words, the aerial waves may be too short or too long to cause 
tbe impression of sound, 1 There arc certain limits of length between 
which the waves must lie—from about I 2 or 13 yards to about \ of 
an inch. These limits are determined by the construction and con¬ 
stitution of the ear, and vary slightly from individual to individual 
The very long wLives and the very short waves which do not affect 
the ear are, however, wave* of exactly tin* same character as those 
which cause the impression of sound, the only difference is one of 

1 Th# rapidity >>f viUntiau er frequency u the main puEnt i* be ke|a m vl^w 
mther thiD the length of the wave. Mid in wktfulto^ A^htirL vfiyc b to be taken 
aa tutaiiiug one of high rate ef Hbrstion, whil© >i long wmk b an* of low rjitc. Wot 
l he ballii' rate of vihmtfu the actual length of the w*ve wjU dei^ndl uj-.n the 
nature of the medium. 
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rapidity. The fault lies with the ear and not with the waves. We 
do not say that there are two distinct claws of aerial waves, those 
which give ri-*e to sound and those which do not. We -prefer to look 
u]xm Jill the waves as of the same class: that is, the physical process 
in action during the propagation of all is the same. The difference is 
merely one of rapidity f and, as the range of Hie ear is limited, it 
cannot meet the demands upon it in both directions to an unlimited 
extent. 

In the same manner every body in space ia regarded its a source 
of incessant ethereal commotion. Every molecule of matter is in 
vibration, and generates waves in the ether. The clouds may shut 
off the light arid heat of the sun, but they are warm Wlies them¬ 
selves, and radiate waves of heat. The earth itself is warm, pud on 
the coldest night the dark space embraced by its shadow is traversed 
by incessant stream* of radiated waves. We are thus bathed day 
and night in the midst of never-ceasing change. The ether is never 
still 

U m, however, to be distinctly remembered that we do not make 
any assumption as to the nature of the vibration or the process going 
on in the other. Wo merely call it a vibration, because we believe it 
to be a periodic variation of some sort. This, never-ending tremor 
affect* us in two distinct ways- To it wo owe Lhe accusation of vision 
a* well us that of heat. If an ethereal wave lies between certain 
limits of frequency it affects the eye, and we call it light. Such a 
wave faffing upon our bodies may also set up commotions among our 
molecules, and give rise to the feeling of warmth. The same wave 
tuny thus cause two distinct impressions, that of light and also that of 
heat, just a? if a sound wave could not only affect the ear but could 
also cause our bodies to tingle and develop a sensation of warmth. 
Thus while we have only one sense to tell us directly jbnt the air is 
vibrating* we have two by which wo can examine the ether, ]n this 
aspect, then, the sense of heat may be regarded as an extension of the 
sense of sight (see Art. 13). 

41 * Existence of Waves beyond the Limits of the Senses. The 
eye, like the cnr F is, however, limited in range. An ethereal wave 
mav be either too alow or loo quick to affect it. Outside these limits 
waves of any |K>wer might fall upon us, and yet we should be 
enveloped in perpetual night. Our sense of beat would, however, 
come to she rescue. Wave* which are too slow to affect the eye can 
warm our bodies. Thus these two senses overlap and extend each 
other* The waves, however, which most powerfully affect the eye are 
not generally those which most excite the sense of heat While some 
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iv: ; i,v^s jitc of such at ktigth thnt tii-ey ciin be CAffUy detects! by either 
gongG r still sonic uro so lon^ that iho eye fiiik to C0|w with them* yet 
they jiro easily responded to by the sense of : am\ y on the other 
hand* some -ire eo short thnt although they may affect the eye yet 
they sire with difTfcalty, if at all, detected by the sense of heal. 

We Are now loft with those waves which undoubtedly exist, in 
myriad*, and which are too short or too long to Ire detected by either 
the sense of sight or the sense of heat. Such waves might fall upon 
tis for all time, and still by means of our unaided senses we could 
never become aware of their presence. An ether might exist and he 
continually troubled by such waves, and yet we could have no direct 
evidence of their existence or of the medium which carrier! them. 
The suggestion of such a medium by any one would probably be 
looked u|K)n :a strong evidence of insanity. Even with the double 
evidence of our senses which we now have in favour of a space filling 
ether, there are many who would rather doubt such evidence than 
believe in a thing which they cannot directly perceive by the senses. 
However, considering the medium as only hypothetical, the fact that 
it might certainly exist and fill important functions in the life of the 
universe and still never bo detected or suspected by us is a strong 
reason why the postulation of such n medium for the explanation of 
natural phenomena should not be branded as irrational or un- 
philosophic. 

The ingenuity of man has not allowed these long waves, nor even 
the very short waves, to escajK', Those which are too short to be 
directly detected by the eye can be placed in evidence by means of 
their chemical action, while those which are too long to affect our 
sense of heat (it is only waves in the neighbourhood of ,J 6C , part 
of a millimetre that act directly on our sente*) have been recently 
subjected to the |*iwci of man by the celebrated experiments of 
Professor Ilertst. Previous to 1*89 we were confined in our observe 

turns to waves about P r « of “ '“ h in kP(£. n0w ' vu “ B 

work with ether waves a foot or a yard or a mile long if desired. 1 

42. ' Restriction of the term Heat.—A# long the waves which 
constitute radiant heat are travelling through free space or transparent 
bodies they oltey the same laws as those of light, \\ hen, however, 
they fall on bodies which are opaque to them, both heat and light 
waves are absorbed, a conversion of ethereal into molecular energy 
takes place, and the lmdic* are warmed. In the study of heat we are 
chielly concerned, not with the laws of the ethereal waves, but with 
the manifestations of the molecular energy of material bodies to which 
1 ,Set: tbiF authors ?V*ry of Chaps, XXI- 
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they give rise. Hence it is generally convenient to treat of the energy 
of ethereal waves, whether visible or not, as light energy, and to 
restrict the term heat to the molecular energy of matter. If it 
should, however, be necessary to make special mention of the invisible 
heat producing waves they may he referred to as radiant heat] 

Before we proceed to the study of the effects of heat it may he of 
advantage to glance at some considerations in relation to matter and 
motion, and the ether as the vehicle of energy, for before any theory 
of heat can be worked out in full detail some satisfactory theory of 
matter must be Erst formulated, and this appears' to be a task of no 
ordinary difficulty. Wo shall, therefore, consider briefly the evidence 
we have regarding the structure of matter and the causes which 
determine its com posit ion and physical state. A full knowledge of 
the ultimate constitution of matter may possibly lie beyond the grasp 
of the human intellect, for this can only bo traced with certainty as 
far as our sense?, combined with physical apparatus, enable m to 
observe it. The essential differences, however, between the three 
typical forma—sobd^ liquids, amt gases—and their modes uf inter¬ 
action, form a legitimate subject of inquiry. 
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43. Deli Ill Lions.—Various, and very diverse, definition* of the 
I'Ortti matter have been |iro|W5«il from time to time. 1 lie experimental 
pit v 3 foist, however, uses the word merely to tic note the substance or 
stud' contained in the objects around hint, and which constitute what 
is termer) the external or material universe. These objects we 
recognise and distinguish by means of (heir properties-—that i*, by 
the impressions, direct or indirect, which they make on onr organs of 
sense, and bv means of which we [lorccivc their presence and con¬ 
sequently say they exist. Two general properties have been usually 
attributed to‘matter, namely* ericnsiou and iiuytwirahfily, the formet 
term being used to signify that any jiortioii of matter nevnpics space, 
or has volume, and the latter to denote that two bodies, or portions 
of matter, cannot occupy' the sumo portion of sjiacc ut the saintf 
time. 

The term impenetrability thus appears to mean pretty much the 
same thing as extension, for if wo say a body occupies a certain apace, 
we ought to mean that it occupies that space to the exclusion «f all 
other bodies. So that in addition to referring to no ncv. property, and 
being therefore unnecessary, the name seems to lie ill chosen, as it i> 
undoubtedly misleading in it* signification. 

We distinguish different kinds of matter by such properties as 
compressibility, greater or less rigidity, colour, taste, smell, but the 
one properly which characterises all forms of mutter, a* we know it, is 
might. W« measure matter by weight, and we sav that two bodies 
of equal weight have equal masses—that is, contain equal quantities flf 
matter. The term 14 conservation of matter" might, therefore, with 
advantage be replaced by the term w usm«mnJfon<»/ vd>jht" as- it would 
keep the mind in closer touch with the property that realty is con¬ 
served throughout chemical processes, namely weight. Thus there li¬ 
no mental necessity compelling us to believe that the weight of two 
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or more atoms in chemical combination should bo the same as the sum 
of their separate weight* before combination, even though the quantity 
of matter (measured in the same way} remained the same as More. 
Thu* if matter be regarded us an objective reality independent of men 
and his ideas, then wu could easily imagine that matter should remain 
permanent iu quantity throughout auy chemical change, and yet the 
weight in the same ease might lie very different at the end of the 
reaction from that at the beginning. Jt is, therefore, better to adhere 
strictly to the main fact, namely, that the weight is conserved so far 
aa our experience has yet gone. 

The property of extension, however, dues not sufficiently circum¬ 
scribe the term matter for our purpose, for this property belong.* to 
anything conceivable by the human mind ns existing in space. We 
do not wish to call the ether matter, or if we adopted the fluid theory 
of heat or electricity, or the corpuscular theory of tight, we should 
avoid calling these media matter, for they have all been supposed to 
l>e devoid of weight, which is the characteristic of all matter as we 
know it. We might speak of ether, or caloric, ->r electricity, as fluids 
or Huid media, or simply as media, but never as matter, ft must now 
be clear that when we speak of matter we use the term for the sake of 
convenience to denote that stuff which constitutes the bodies around 
ns, and that the property common to all kinds of matter, we killin' 
it, h n eigh u 

W bat we constantly t.rkscnr, however, is change; ami in matter we 
observe Iwth change of quality or state, and change of jmsitfon or 
motion. Thus wine when exposed to the air tarns into vinegar, 
and water when heated turns into vapour. The former is a change 
in quality and is termed a rhemfral change or process, while the latter 
is a change of the state of aggregation of the matter and is referred 
to shortly as a change of state, 

44. Divisibility of Matter. — Much futile discussion has been 
engaged in by metaphysicians and physicists as to the infinite 
divisibility of matter, A block of wood may be split in ttvu by a 
hatchet, and each of these portions may l*> again divided, and so on. 

I he question then arises, Gan this process of subdivision be carried 
on indefinitely 1 Divisibility in the abstract can certainly 1* carried 
on indefinitely, for here it only depends on the i magi tint ion ; Imt in 
practice it is quite u different question. If any body can lie divided 
into two jtortious it is a matter to be tested by exjM’riment alone if 
each of these portions cun be divided into two others, and so on 
indefinitely. The question of the MjEtuVr divisibility of matter is, 
however, beyond the pccqie of experiment, since the infinite, from the 
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very mcuning of the word* ramrtoi he the subject tjf experience. The 
q Eiestion 13 therefore jul objectless one for oxporimefttill flciorice. 

If by experiment, however, it wcr& fooi>d t.hsst the process* of 
division could not be pushed beyond a certain litnit, that wl v finally 
cjtnio to parts which we could not further break tip, we ^tili would 
not be justified in saying that further division is impossible* but 
should rest satisfied with stating that we did not yet pro*** the 
means of pushing the division any furl her. 

45 Antiquity or The idea of Atoms and Molecules.—The idea 
that all bodies are composed of a multitude of very small partieles 
seems to have been entertained since the earliest times of civilisation. 
The ford atom was conceived 2100 years ago by the Greek philo¬ 
sophers Democritus and Leucippus, and w:i* subsequently glorified in 
the poetry of Lucretius. An argument urged by the latter in favour 
of the hypothesis is the facility with which it lends itself to the 
explanation of the mobility of fluids such as air and water. This 
arisen according to the poet* because there are vacant spaces bet ween 
the perfectly solid part idea* and hence, although the particles are hard, 
yet the substance as a whole may be soft arid yielding. 

The idea of a perfectly hard atom scema to be refuted by all those 
modern re&oarchoa* such as spectroscopic work, which kail ub to reflect 
on the molecular structure of matter. Thy behaviour of matter in 
regard to radiant heat and light leads tu irresistibly to conclude that 
an atom is not simply a Karri, structureless particle, but th,u it in a 
more or less complicated system capable of interna! vibrations of 
several distinct periods* 

The atomic theory, however, only acquired a definite form at the 
beginning of this century, when it was revived by Dalton to explain 
the fact that in chemical combinations the dements unite in certain 
definite proportions, Since that time the hypothesis has grown in 
strength, and has been a fruitful instrument of egress in mitny 
bmidics of physical science, so that it now claims the rank of a well- 
tested theory. 

46 Value of a Theory— Such a theory, however, drums not the 
truth of an abatnwt law. I'he human mind deals much lea* easily 
with Abstract tmths by themselves than by aid of well* conceived 
analogies and illustrative imagery. The value ef any hypothecs 
de[lends upon its convenience in eyrteauitimng obeerved facta, and by 
the extent to which it embraces all known phenomena must its 
tttiiitv ho estimated, S«eb an hypothesis cannot ho proved. It 
tnay lie true, but it must, nevertheless, be regarded merely as a tool to 
be us ed for the sake of convenience as long a* it is consistent with 
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observation, uritl which must be rejected, or modified to suit our 
waiitB, when found to be no longer applicable, A well-chosen hypo- 
thesiH not only concatenates the observed facts, and gives a clear 
and connected idea of the general laws to which they arc subject, 
but may often lend to the discovery of now relations, and thus place 
in oar bands the means of anticipating phenomena previously un¬ 
observed. The prejeess of scientific inquiry may be thus advanced 
from the stage of blind groping to that of well-planned and conscious 
in vest igation* 

47. Molecules considered as Groups of Atoms. According to 
the molecular theory all bodies toe slat of very email parts termed 
molecules. Every molecule is supposed to be similar to every other 
nwlecul* of the game substance, and to jiossess all Lhe mass properties 
ui the substance, In other words, it is the smallest part of the body 
which can be separated from it and still possess all the charac¬ 
teristics which distinguish the substance. The necessity for this 
limitation arises from the fact that substances which arc apparently 
homogeneous tan be decomposed into two or more other substances 
which arc very dissimilar in their properties Thus water can bo 
decomposed hjto hydrogen and oxygen* the volume of the former 
being twice that of the latter. For this reason a molecule uf water is 
si id to consist of two atoms of hydrogen united to (or in chemical 
union with) one atom of oxygen. It must* however* be admitted that 
we have lie* right to assert that two atoms of hydrogen united in this* 
way to one atom of oxygen—that is h a molecule of water—would, if we 
could deal with it, possess all the niass properties of water. Any 
port mu of a substance that we can subject to experiment contains an 
enormous number of molecules, and its properties may be* and probably 
are* very different from those of a single molecule. The chemical 
definitions, therefore, require modification. 

It iw also found that such substances ns hydrogen and oxygen 
cannot be further decanipo-sed by any process at our command, and 
they are consequently said to be simple siibstancee. An atom is 
the smallest portion of a simple substance which can enter into 
cheiDitai combination. A molecule, on the ot her hand, may consist of 
two or more atoms nasociated together in a manner which we do not 
as yet understand* and to denote this uiuuncr of association we say 
they are in chemical union. A molecule of n compound substance 
is thus a little society of atoms of wlmt we call the elementary 
substauecB. Thus if we suppose the solar system to dwindle down 
till the masses forming it attained the ske of atoms, then the whole 
system thus associated might he taken to represent what we call a 
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molecule, the different planets and their sat el I i leg forming its con 
Btituent atoras. 

4 $, Evidence In Favour or the Atomic Theory. The atomic 
theory involves the supposition that there is a practical Stunt to the 
divisibility of matter. In it ia only on this supposition that 
any definite meaning can be attached to the existence of elements 
in chemical combi nation according to Dalton's law of multiple pro¬ 
portions, An atom as a whole enters into or passes out of chemical 
combination; a portion of it cannot Ijc removed from a molecule 
leaving the rest in combination, and this is wh.it the name signifies. 

All chemical experience harmonises with I be atomic theory, and 
finds in it an easy and intelligible made of expression. L he hypo* 
thesis is also strongly corroborated by spectroscopic researches, and by 
observations in the other domains of physical science ; yet, is to the 
ultimate nature of matter, and as to the question whether in going on 
dividing a portion of .in fitter wo should filially arrive at an iitoin T or 
]K)rti<m which could not be further divided, man is still quite a* 
ignorant as he was in the days of Lucretius* The solution of this, 
problem appears to recede from our grasp as fast as we approach it* 
and this, perhaps, is as yet a matter of indifference in chemical 
investigation* 

49 idea of a Fundamental Substance—The Frotyle Theory. 
Any substance* such as oxygen or hydrogen* which cannot be further 
decomposed., is called an element or simple substance. It must be 
carefully remembered,, how 1 ever, that an cLenient in the chemical sense 
is an undecompoaedi not necessarily an undecom posable, substance. 
Attempts to draw general conclusions to the constitution uf the 
various elementary substances from the values of their atomic weights, 
have been made in two directions. The first line, started by Front in 
1815 , was based upon the philosophic assumption of a fundamental 
substance, or “protyle " This substance w o* supposed to be hydrogen, 
and M the other dome niary subBtances were supposed to be made up 
of \% so that if weight be conserved throughout chemical combination, 
or such combination as would yield the various elements out of 
hydrogen, then the atomic weights of alt the element^ and in fact 
of all substance*, simple or compound* should be mnfrjpLu of that of 
hydrogen. In other words, if the weight of an atom of hydrogen be 
takon as unit of weight, then the weight of an atom of any other 
element, or of a molecule nf any chemical compound, should be 
expressible ae a whole number, provided the weight of a molecule lie 
equal to the sum of the weights of it* constituent atoms. 

The test of the applicability of such a theory will depend upon 
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the accuracy of ihe determination of the atomic weight* of the 
dement*, and in the opinion of J* S H Sta*, the accuracy of whose work 
hvr surpassed that of his muster Diuoflft, the hypothesis of Front is 
inadmissible. The atomic weights in many cases differ from those 
required by the theory by quantities much larger than the probable 
errors of experiment. There is 3 however at surprising approximation 
to the multiples of hydrogen in Hie atomic weights of many elements, 
and Dumas devoted hinimdf to showing than although the atomic 
weights of all the elements could not be exactly expressed us multiples 
of hydrogen, still they aill eoukl Ire expressed very approximately jus 
multiple* of half the weight of a hydrogen atom. Afterwards T how¬ 
ever, he Wits forced to adopt the quarter hydrogen atom as the basis 
of all the other elements, so that the whole subject here loses all 
practical interest, for it is evident that by biking a sufficiently low 
limit of weight the approximation could He carried to any degree of 
closeness (^tre Art. 58), 

50, The Periodic System,—Tho second I ini;? of consideration, intro¬ 
duced in 1884 by Rowlands in England* and Lothar Meyer in Germany, 
might be termed the periodic system. In the hands of Lot bar Meyer 
and Me ruble] off it 1ms yielded a considerable harvest, and they have 
shown that in a fairly general way the properties of the elementary 
substances are periodic functions of their atomic weights Thu* if 
all the elements be arranged ia the order of their atomic weigh let 
their chemical properties will vary from member to member till a 
certain number of element* have been paused,and then these properties, 
or very similar ones, will he repeated again in order as we pas* up 
the series of elements. This system is by no means perfect. Many 
incongruities fit ill remain to be eliminated by new fact*, or fresh con* 
sideratioftfi, and so far it can only be regarded a* the commencement 
of what promises to he a fruitful method id investigation. 

51. Continuity Possible. — The supposition of atoms and molecules 
ii P however* by no memo Absolutely necessary. Matter might also be 
regarded as continuoiis and structureless^ not comjmsed of discrete 
particles, but completely filling the space enclosed by the snifaee of 
the body. It h difficult, from this point of view, to explain con^ 
possibility, unless wo postulate it as u primary quality of every 
element of mutter, yet the theory need not lie discarded at once on 
this account. Our powers of Wining conceptions are fiunited by our 
experience, and to say that a supposition is inconceivable is merely to 
assert that it has not yet come within the bounds of our cx|ferienco. 
Every oxpl rum lion in physical science is but a reduction of & complex 
probtern to it* simpler elements, and there is probably a limit to such 
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reduction beyond which the mind of man may never pas*. Our ex¬ 
planations, ill all eases, are made in terms of ideas which arise out of 
our experience. Beyond fhi* we cannot go, but we attempt to fathom 
the unknown by mean* of analogies derived from the known. 

Heterogeneity Possible.— Chemical combination might result 
frtfm the mixture of different substances which penetrate each other 
so intimately that we cannot find in the compound the properties of 
any of the separate substances of which it is composed. The smallest 
portion which we can examine is apparently hotnogeueona with the 
whole mass. The hieiS-S however, may still be intensely heterogene 
mis, and in fact, such heterogeneity i* indicated in apjiiirently homo¬ 
geneous 1 iodies, such as water and mercury, by <3iderent tines of 
reasoning based on experimental facts. I-vml Kelvin 1 has shown that 
with sWh a constitution of matter gravitation alone would sufficiently 
explain the greater part of the phenomena, which have bean ascribed 
to the ao-c&lkd molecular forces. That such heterogeneity might 
actually exist in the apparently most homogeneous substance* and 
still escape notice is clear, for its detection will depend on our powers 
of observation Thus, if we consider a cubic mile of pudding stone 
forming a prEictically continuous mass, made up c»l blocks of various 
sorts of stones varying its volume from a cubic foot to a cubic im-h, 
then one cubic foot of such a conglomerate might dillcr entirety from 
another cubic foot, and we should say the mass was intensely iietero- 
geneou#. If, however, we luppose the whole ntas* to ho reduced 
according to a uniform scale, bq that Ehc cubic mile becomes a cubic 
foot, the heterogeneity will now fairly escape observation, and we 
should Bay that of such a mass any cubic foot was the same as any 
other cubic foot. In fact, we should say the mass was homogeneous. 
Thus, in a liquid the molecules may he clustered at some point* and 
uniformly distributed at others, so that ut some point* the molecular 
nggrcgatiou may approximate to that of the solid state, while at 
others it may resemble that belonging to the vapour. 

This idea of ultimate heterogeneity in muses which are apparently 
homogeneous will be found very useful in dealing with some pheno¬ 
mena which at first sight appear difficult to ex phi in, auch, for cxample 1 
a* variations of specific or latent heat. 1 hits in the fin id state the 
molecules at some points may he arranged in that condition which 
characterises the solid state. It is not at all likely that a ay&Letu of 
moieuules which mutually attract each other would travel for ever 
singly (as they are ordinarily supposed to do in a permanent gas) as 
if they were a ay stem of hard sphere*. It is much more likely that 
l W # Thciusiila, Proc- i%- Ar/iit., IBM* 
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ait some points they will get into clusters, cu chat hero and there in 
the gaseous mass am element of the substance pi^ukv more of thti 
properties of a liquid than of u gas, and nz the gas approaches its 
condensing point more closely it is likely that these clusters rapidly 
increase in number until condensation sets in. So also when a liquid 
approaches the freezing point,tho state of aggregation which appertains 
to the solid state may lie regarded as coming more and more into 
prominence until solidification actually acts im The whole idea, then > 
comes to thi-% that we *ha1t be probably near the truth in regarding as 
ordinary gas a mixture of what we call a perfect gas with the liquid, 
and a liquid may iit the same way contain a portion of the sol hi in 
solution, 

53. Three States of Mailer—Modular Theory,—The three 
state* d matter -via, solid, liquid, and gas— must now lie considered 
with inference to the molecular theory. In general, any substance 
may take each of the three states—the state in which it hap|*ens to 
e*isL being determined by its temperature and pressure. Thus, water 
substance at the ordinary atmospheric pressure may exist either st* 
solid ice, liquid water, or Im? altogether converted into vapour, accord¬ 
ing to the temperature. 

To explain this, the theory supposes that the molecules of every 
body are in a state of perpetual agitation, and this may con aim in the 
motion of the molecule as a whole, or a* a vibration or rotation of 
it* constituent parts, or both. I bis molecular motion is supposed to 
depend upon the temperature; the hotter a body is, the greater the 
intensity of its molecular agitation. In a solid the molecules are 
supposed to oscillate round mean positions. Each is confined to a 
very small space, which it never leaves, 1 As the temperature ribCd the 
molecular agitation increases, and at length becomes so violent that 
the molecules break away From their imprisonment and wander about 
indisicriniimitely amongst uadi other. In this state the substance is 
said to be in the liquid form. 

In el liquid, than* the molecules as well a* being in a state of 
vibration have also a motion of translation whereby they continually 
move in and out amongst each other, so that any molecule in one 
part can pay a visit to smother in any other part of the liquid. Such 

l \Jhe eiprimciit* of Sir W. ' K*WU AuaO o on Hi - dllfa*iuli of edid nicLil* 
in Let tmii Other allow, however, Unit tbu W* ™i] only Iw tppiMiiriiUdy tea* {«» 
/W. Jbp. Sac,, Tub, IBSfi . W. IL mill W. Brngg n by ^ULtSyinij; Use ditlmetmi 
nlTccta dua to X-faVS In crystals, lu+va 1 1 c term Sued I he mcKte of armig?in?lit of the 
xtQjus in a aimsbof cf eifttmUp A crystal amunot he regarded {in ninny &■*« m 
n ny rale; M c»nq<iiied of distinct tunlccilks ; the rOltalLuiliun is alamic (JT-rajp 
hi vi JUtraic AVrurfMPf, by W, H. and W, L Br*^> 
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ji visit, however, is quite accidental, Each molecule in so jostled by 
the others in its wanderings that its path is almost entirely for- 
snili.ms. In order to endow the molecule# with this extra motion, 
mid also to overcome the forces which held the molecules confined in 
the solid state, work must he done, and this work is the equivalent of 
what is known as the latent heat of fusion. This continual interchange 
of position and gliding through each other of the molecules of a liquid 
ie suggested by the phenomenon of diffusion, which takes place even in 
opposition to the force of gravity. 

If we now consider a liquid to bo gradually heated the molecular 
energy will increase, and when a molecule approaches the surface it 
may possess a velocity sufficient to project it comply tidy from the 
liquid into the space above against the attraction of the neighbouring 
molecule# in the surface layer. There will thus he a continuous 
stream of projected molecules leaving the liquid, and this is what wo 
know a# evaporation t and when the molecules all attain velocities 
sufficient to carry them tbrOugb the surface layer, the liquid will all 
pitas into the state of vapour or become a gas. 

Tho essential difference between a liquid and a gas according to 
mir theory is, that while in a liquid the molecules move about amongst 
each other t each can t ravel no appreciable distance before jt. encounters 
another, and has Us direction of motion altered by impact or muiual 
influence. Ill a liquid there i^ nothing of the nature of a. free path , 
each molecule is constantly under the influence of its neighbours. Ill 
the case of a gas, however, each molecule between two consecutive 
coll hi on a is free from the influence of the others* 1 There id a free 
path, and this path is rectilinear but very short. In the passage 
from the liquid lo the gaseous state, the molecules must lie separated 
from each other in opposition to their mutual attraction, and the work 
thus spent represent# part, at least* of what is known its ihe latent 
heat of vaporisation. 

&4. Encounter and Free Path —When two approaching molecules 
come within a certain limiting distance of each other, their relative 
velocity in the direction of I he line joining their centre# is supposed 
to diminish gradually > and become finally reversed. I his mutual 
action h referred to jih an eircounter between two molecules, and in a 
permanent gufl the time is pent during an encounter must l>e nuich less 
than that occupied in the free path. As tho density of a gas increases 
the length of the free path diminishes, and the encounters become 
more frequent. The proportion of time spent in collision l^comea 
comparable with that of free motion, and the properties of the sub* 

1 The TS*»aw for ihU sniqcwitiuh wfll be given AftcTWiioU, &i * Art- 241- 
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stance become considerably modified by the mutual inlluence of the 
molecules on aach other. The effect of compression is to bring the 
molecules more within the sphere of each other's Attraction, so tliftt 
the substance gradually loses the characteristic properties of a perfect 
gas nml acquires gradually the properties appertaining to the liquid 
state. In liquids there h no free path. The molecules are con¬ 
tinually within the sphere ui each other's attraction, and the behaviour 
of the substance with regard to pressure and temperature will be 
determined by the nature of she molecules and their mutual action. 
On the other hand, the mutual influence of the molecules j& practically 
negligible in gaus, and the behaviour of such substances with respect 
to pressure and temperature will, within certain limits, he independent 
of the nature of the molecular attraction, and the law connecting 
volume, pressure, and temperature will 1* the same for all gases. 1 
ft ought to be kept in mind, however, that when two molecules 
approach each other the encounter may not always be accompanied by 
u rebound, for the iwo may start- rotating about each other, and thus 
form the nucleus of condensation which lead? to the heterogeneity 
spoken of in Art. 5J, 

55. The Dynamical Theory of Oases.—In order to account for 
the pressure of gases against the walls of the enclosing vessel* as well 
m their jMjwct of expanding to fill any space, their molecules were 
endowed by many philosophers with mutually repelling forces.- The 
idea that the molecules of a gas repel each other docs not seem to be 
yet quite extinct, although it urns shown by Daniel Bernoulli* as 
early ns 1738 that the pressure and expansive power of gases could 
he satisfactorily explained by the supposition of molecular motion. 

Let ns, for the sake of clearness, consider the molecules of a gas 
ns email equal masses, and let ns inquire into the effect of a number 
of such molecules when enclosed in a vassal* and each in rapid 
motion* Lot the vessel he a horizontal tube closed at <me end, and 
having a movable piston fitting into the other, so ns to slide freely 
in it. We shall consider the honihurdniunt of the molecules against 

1 $ir Win. C roak a* regard? ihr- ultra condition In which the iuo]<h'L ih-a 

nfn so far njHirt that collhinn i* mn> a* a fourth i>f matter {* £ Rodfpnt Mato 
uf Halter/' Fttr. if Q*f- $**'■ Vol. ist jp. 4U&, ISSO). 

i Tile of Midi a nuilual rajmlsitiu Iwtwfcii the uiolee a [*h uf * ja 

eenlrary fci nil CXlicrLcncc^ m w |-L [lie term In* reslrklwl to hupIi fuTws. aa thorn 
which mi®* into ^ration during impact and rebound. For if tha mel-eenlra 
it [Milled nah. other* their kinetic would [norm* a* thoir diolaoers from 

t-aeh other inmaaod, that h aa tin* volume of the grta iflmdwcrf. Consequently* if 
4 ^riL-f. s-iparuled without doing external work, Its- iempcrntllfe would rifle., [hat ih if 
lltr- fiin^nlua ii cletontuiud iiy dir ther^ r o f motion of the mobcUlvK. 

a Ui-roouIHp Hptr ^ifnamkn, Mzaftbourg, 173*. 
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ihe piston. Each molecule us it strikes the piston communicates a 
certain impulse to it which would set it in motion outwards if not 
held at rest. Here, then, at once we find that a certain force will be 
necessary to hold the piston in position, or, in other words, the en¬ 
closed gn* exerts a pressure in virtue of the motion of its molecule*. 
The force necessary to hold the piston in position will depend on the 
number of molecules which strike it per second, and for molecules 
of a given kind moving with a given velocity this will be prolN*- 
rional to the number of molecule* per unit volume, that is, to the 
density of the gas. The pressure then will (as proportional to the 
density, that is, inversely as the volume when the mass is given. 
If the temperature of a gas defends only on the motion of us 
molecules, it will follow, then, that at constant ternpcruOuu the 
product of the volume and pressure will be constant. Thus we have 
deduced Hoyle's law as an immediate consequence of the dynamical 

theory. „ . 

W, shall now examine the matter a little more clorely. II » moio 

cule of mass m approaches a wall with a velocity '\and rebounds with 
Urn same velocity, ihc momentum or impulse given to the wall by 
the impact will he twice the momentum of the molecule, that is 


%MV+ 


For simplicity let us consider « single molecule moving jwrpeti- 
dmiliarly to « pair of opjiosite sides of a cubical box of unit volume. 
If ihe molecule moves backwards and forwards with velocity m im¬ 
pinging on the t wo ddcs alternately, it w ill strike each side in times 
per second (since the space traversed between two consecutive impacts 
on the same wall is twice the edge of the cube or two units of length), 
hence the impulsive pressure caused by a single molecule will be 


'JnII** * = 

and if a molecules be enclosed, the pressure will be the sum of the 
partial pressures due to ihe individual molecules (that is. if they are 
so sparsely distributed that their mutual influence may be negtected), 

nod the hressare will Ih> 

1 - r -%.**** 

If, however, a 1 bo taken to represent the menu of all the values of 
a- for the various molecules, then if there bo n molecules in the unit 
volume we shall have = and 

J* ^ Mit 

Now. iu the general case « molecule may be moving in any direc- 
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tion with a \(jlocttj T V t iho f^ctangiikr components of which perpendI- 
cular to the faces of the cube are « T n\ w\ so that 

*nd if V s denotes tlic mean of ail ihe value* of Y* for the various 
molecule?, with corresponding maaninga for ft, tl\ ffl* we shall have 

and since the molecules do riot tend to accumulate in any part of I he 
vessel there will be t on the whole, as many png sing across any plane 
per second in any one direction as in the opposite, or, in other" word^ 
the pressure will be equal in all directions, and 

Consequent!}' lit the general cjuhs, when the molecules are moving 
indiscriminately through the cube with a velocity whose mean square is 
Y a , the pressure per unit area will l>c 

jt = £ inn V 3 , 

where » is the number of molecules per unit volume. Now mu is the 
mass j*er unit volume, or the density p of the gas, consequently 1 

if a given mis* M of gas he enclosed in a vessel of volume r, then 
M^^rand the equation becomes 

p*=lUY** 

Houcft if the mean square of the velocities of the molecules remains 
constant the product of the pressure and volume will bo constant. 
For unit mass we have therefore for all gases the equation 

B Thw equation eimbhi* H« to ralcukt* Ihv velocity ofimWn mjehtv for my ga*, 

“ ™ ahowrn by Joule. (P*(H*r read foifct* Mind Lit. and Hit. 

RojicibltfM in JV.iV. Jfag, vol, *tv. p. 12] l n ]g&7,} Thus at ataovpliBriG prcraift 
p-WM gr*m™™ I*r ooatimetre, a*d At C C. the dejwity of hvdnjur-ii in 

0 OOOOSV&7 (gr, pert&h litwe taking ? =9SJ, we hove Tor hydrogen *i O' C. 

v*L lii^n njnurn-lS-ig metre* p*r jcmml. 

[GUusim (ikftf. Amu v. 1857, p. 1177) has given tbo following v&ftae* for volod lif * of 
metro iquito nl 0" l ) r ;— 

Oxygtu . - t i + SHI ineLms j»r eecoEjjd. 

yitns«{t . 4M 

Hydrogen . 1S« 

It j, to 1 m nbaPTBd that tlm VnioriCy urm«q wgmin (U the »q UA re tool of V* tlie 
«"«•> v«|q<! of tlie sqiuiKH of inolecuhr velocities) is boE t>io u ,„.. 4 , t Lp menu 
v*\itriiy of tta moloeulH ic The former i* Mnmwlist glitter tluii tile inter M* 

afl a" 4.3 
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U irs thus proved that the pressure of a gas may be thoroughly 
explained by the Motion of its molecules, and that the supposition of 
repuliive forces between ihe molecules is quite unnecessary, as well its 
being unscientific, molecules being id ready endowed with the property 
of mutual attraction. There is one point, however, which should be 
noticed* By Boyle's law we know that the product jar is cons taut at 
constant temperature, and, therefore, the right-hand member of the 
Above equation must be n function of the temperature, The tempera¬ 
ture, then, must be measured in some way by V s , the mean square of 
the velocities of the molecules, or by their mean kinetic energy* 
Hence the heat of a gas must be in some way related to the kinetic 
energy of its molecules, ami the same cone I us [on may he legitimately 
extended to all other bodies, 

OOR. If several gases be mixed in the same vessel, find if their 
molecular masses are m u ttr^ m. A , etc., while the number per unit volume 
of each is n t , n v etc., then as before, if their mean square* of 
velocities are Y^ f Vy + \\* T etc., 

ju* — ^ Mi, pi | Vj 5 4 | 4J NP a p4^ V? F- «tc,, 

or 

p^p.+ft+ya + flta. 

That is, the pressure of the mixture is equal to the turn of the press- 
urea which the gases would exert if they occupied the whole space 
separately. This result was discovered! experimentally by Dalton, 
anti 35 true of course only iso long a* the molecules do not sensibly 
obstruct each other. 

5B. Structure of Atoms—Rankine's Hypothesis,—Tho bard atom 
of the Grecian philosophers, although at present in disrepute and out 
of touch with the more modern scientific conceptions still survives in 
a certain sense unrefuted. Rival theories have been developed which 
Jiro perhaps just as improbable, and perhaps not ki& illusory. The 
most inconceivable of these is that of Buscovidn who by mathematical 
refinement got rid of the material atom altogether and replaced it by 
a mere point, or centre of force towards, or from, which certain forces 
were directed. Tins view was supported on the assertion that matter 
can only bo known by its effects, and if these can be explained other¬ 
wise the assumption of a substance is not necessary* The phenomena 
of nature were thus to bo explained by a mathematical fiction simitar 
to that which in the hands of Gauss and Poisson formed (he founda¬ 
tion of the theory of statical electricity* 

The first step towards a rational theory was made by Banking 1 

1 SVjiju, Jfry, A’«*. fiftHtt 41 ti tVb. 18S0 ; PAit r J fa^ r , 1 -Bf" t ; 

Pa}*cr$, jv ]«>. 
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who about 1843 endeavoured to derive the lawn of pressure and 
expansion of gages from what he termed the hyj*ofhm &f moktuiar 
torti&i* 

TliLtt bypothvsia Assume* 11 that iich atom uT matter COMlflU of A titieliiUft or 
cuo trail [loLaht enveloped by *11 i-taaitre atmosphere, urlrieh i> raLn Lut'd 3 el it 4 position 
by iitlra^tivu forces, and llint tire vk-Lrejty dues x r> heat urix-s from the cfi-nlrlfngftl 
fi^<i of liios* atkcLUHphonw, revolving or OBcilluliii" about their nuclei «r centra] 
jHjlnLB,” No definite £II|iprettLHjn is made ar, to whether the clrattE utmoajilierus we 
conttaiiouj or consist of discrete j articles—tbit ts„ whether the alaatidty of thi xv 
^tnukfrpVicmb a primary quality or cad rely dm to tha M repulsion” of discrete 
molecule*. Further, the nucleus At [In 1 contra of each molecule may or may not In¬ 
distinct In nature from the ulutic imvelcq-e. |t may hi -.ft |w»rtiob of the Atmosphere 
in a condensed State, or merely :i centre of condensation of the *tmotph*re. Thu 
word Mu-leu* dgnifien manly the atomic centre, snd its volume, if any, is auamnied 
to be iiLiipprcL'ifthly -mall compared with that of the envelop*. The 
peculiar to tho inquiry IB " that tin, 1 - ilimition winds, uncording to the wave theory, 
constitute? radiant Eteatund light, is a motion of the atomic nuclei nrctmtitrl, and In 
propagated by nstaih of iheir limUul attritions and repulsions.*' The- absorption 
and eraissiem of beat and light udmiLsi an a trauflfnrence of motion from [he nnudoi 
to their atmoepherea, and Tire ivridj anil this hypothesis llmkLne considered .i> jn?&‘ 
sesai&g Immenw advantages ill eXjilkimiig the prepngntiou of tmirer*o vibration-. 
She immenB* velocity of light,, find it* dlsjwMftn ah well ns its mode of JitOpAgatjon 
through crystal]too modi*. According to thk thWJ f iu the niSo of [^rft-cl Huidity 
♦tsoll fttffltnle atmosphere poAHesaw uniform density throughout each sfdrerital layer 
d hi tori bed round the centra! nucleus*. In other word.-, the density sir. «ny |wini of 
the Atnm.qiJim i- is considered sis a function of ihe daiuiCQ from the centre of tho 
*iotu. Tim quantity of beat m a body k measured by the kinetic energy of it* 
molecular revolutions or oscillations- The** luolcoulnr motions might either be¬ 
au odcIltatEon of the Npherfcftl tuyere of tho atoiuio alnio.-[dwiva to and from their 
centres, ur sks a vortex luolion of tEie demon Is of lire atmoffphc-rti round the radii 
of the apliericat atoms, so that eaeii iphrrica] layer is filled with radinl vortleoa. 

Such is XLnnkmc’s attcmjM to explain dynamically the imweaae of 
pressure of gases caused by heat, and Although it merely a firnt trial, 
And probably i> far from the truth., yet in h* very name it contains 
the germs of suggestion which render it not unworthy of its author. 1 

57. Preliminary Considerations on the Possibility of Matter being- 
due to Motion En a Medium.—-The question which now present* itself 
h. What ls an evKsio of matter ? By assuming the existence of atonic 
Ei-tj l 1 molecules, and endowing them with certain quali Lies, many of tin. 1 
properties of bodies may be plausibly explained, but, granting the 
existence of atoms, the problem which still remains, and which 
probably ever will remain, for speculation u t What ia an atom f The 
existence of a fundamental uiediurn. the other, Inis already Imtcii 

■ A gpiin of JLaukjntV. tlmory KcuieuE t« bn- GontAiti^i in tliv ->Mcr opinion regiudiig 
the Ire-41 Quid. According Oi BteEier ah- I -SUM tljelw-j-P mmab(ti* r ur plilDgiatuii, 

wu alTiHjitd with Arufdd wtiirliug motion, moiit* mrtieittiiri*, *nd whi?U Lh? |iarticli^ 
of Any Ifldy were igitaled willi thjj nretkm jt exhibited the phenomenon of Wt, 
or Egnition or iiifi*mttiAbiLily, uMorditig to th* viokace of tire motion. 
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postulated for many reasons. Being furnished with this medium and 
motion In it, the problem before ue, broadly stated, is “construct the 
physical universe^ 

In attacking a problem of this nature we may with profit consider 
the case of a person furnished with ordinary faculties, and placed in a 
uniform medium. For the sake of dearness let us Nike u being capable 
of moving through a homogeneous ocean, and having no knowledge of 
its boundaries, or of what es called the top and bottom. Ike ocean BtNsi 
being supposed perfectly uniform in ;d! direct tons, die supposed person l(WJlN , 
cun detect no differcncca in its properties as he move* through it* and 
he will consequently be ignorant of his own motion, us well as of the 
existence of the medium in which he moves. Let ns now suppose 
that at a certain place in the ocean there is a whirlpool, or what is 
termed a rectilinear vortex* When the being approaches this pari of 
the ocean lie will experience certain actions, or sensations, arising from 
die motion of the medium, and on retieclion he will consider that there 
ie something at this place, and will give it a name. This whirlpool 
will be something to him. ami all the rest of the ocean will bo void. 

If other whirls exist at other places he will also regard them as objects, 
and he will be able to determine their positions With respect to cuds 
other, its well as his own position and motion with respect to them, so 
that he is now furnished with the ideas of distance, relative position, 
and motion. For the sake of distinctness we may assume that by 
some means he it able to ^ec these whirlpool a* l or example, they 
may bo iu a slate of vibration, and may propagate waves in the 
medium, and these waves may excite a sense appertaining to the 
being, which for the present we shall call the sense of slight. Thus, 
even though at a distance, he can now detect the whirls by their effect 
on Iier conges. The same waves may also a Elect other senses, for 
example the sense of heat, or they may not affect either sense, for 
they may be too long or tor? short, just ns .sound waves may be too 
long or too short to affect the sense of hearing* 

Thus a person situated in a homogeneous medium might not be 
aware of the existence of ihe medium, but he might be aware of 
certain parts of it which are in a certain stale of motion, and on 
account of this motion these parts might appear luminous and hot, 
and possess many other properties which would he discovered through 
his other senses, mid on account of which he would say that these 
parts were objects, or bodies, or matter, while he fails to recognise 
the parts of the medium which do not |w«scaa this kind of motion. 

Thus to him certain |iartB of s|»ace would appear occupied by bodies 
and the remainder would seem to lie empty* although all apace might 
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hi reality be filled with a medium, one part of which differed from 
another only In the nature of its motion. 

The motion of one part or whirl might also ho influenced by tluit 
of the others, mid m & consequence each will exert certain forces on 
the others, aiming then? tu move towards it or farther away, Thai 
k p these whirls might attract or repel each other according to some 
taw deteimiiLed by the nature of the whirl. By the vorv EuotioTi t 
then* which cons titu ton these objects* they would bo endowed with a 
property analogous to gravitation. 

In connection with this part of the subject it, may be well to 
consider the terms attraction and repulsion which am so freely used 
in natural philosophy. If two objects which are free move towards 
each other they are ordinarily said to attract each other, biti ff they 
move away from each other they are said to repel each other* When 
we any the earth attracts a stone, wo only mean that a stone will 
move towards the earth when let go nt any point above its surface. 
When we say that the earth attracts the stone, we do not explain 
the motion or its ultimate causes, we merely describe it. The intro¬ 
duction of ?t now word k very satisfying to a certain class of mind, 
and often stops further inquiry. The.re are many who arc quite 
satisfied that a phenomenon i* explained when it luis revived u 
name. 

To exemplify this, lot us consider the cose of a person situated 
in an ocean of water on the earth’s surface, nut I ignorant of the 
top and bottom, and let this person bo furnished with n number 
of pieces of cork and also a number of pieces of stone. Then if he 
at first takes a piece of cork and a piece of stone simultaneously 
in his hand and lets them go, he observes that the cork dies in 
one direction and the stone in the opposite. Ilk first- inference is 
probably that the cork ami none repel each other. Ho nuw takes a 
piece of cork by itself* and he finds that it moves in the same direc¬ 
tion as the other piece of cork, and similarly any piece of ^Lunc will 
descend alter the other without a piece of cork being near it. He 
now will probably begin to doubt the truth of his first surmise, that 
cork and stone repel each other. For ho has found that the cork rkes 
just as rapidly whether the it one be near it or not, The force on a 
piece of either material is the same sit all distances from the other, so 
that the law of force on each of them is independent of the distance 
or magnitude of the other body. He will probably look beyond his 
immediate surroundings and begin to speculate in the wildest manner, 
till hy chance he becomes Acquainted with the bottom of the ocean. 
He will now assert that the bottom is the rwi mum of the motion 
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and that ii repels cork and sitlmcM stone. If. however, he had firat 
become acquainted with Lhe nip he would have been quite satisfied 
that the top attracted the cork md repelled the Mono* and when he 
knows both top and bottom he is furuishtnl with a variety of alter- 
imtivee. He may say that the top attntota the cork ami the bottom 
attracts the stone, m that ihe top repels the stone and the bottom 
repels the cork. Probably the last thing which will strike him will 
he that the top and bottom may he without influence on both pieces 
of matter, and that these 1 kmV ies may also bo without direct action on 
each other, hut that ( heir motion in all caiaes arises front the immediate 
action of a medium in which they are immersed, 

58. The Vortex Atom. The idea that motion h in some way the 
basis of what w<j call matter U an old one, but no distinct conceptions 
on the subject were formed u\l Helmholtz 1 (LB5B) develujjed hi* 
investigations h fluid motion. In this celebrated paper it waa shown 
that the rotating parts of a perfect, incompressible fluid, in which 
there is no clipping, maintain their identity for ever, and are thu* 
eternally different h\ UhI from the non-rotating parts. Also tint these 
rotating putts arc arranged either in endless lilaments forming closed 
curves, or are Lena mated only at the boundaries of the fluid ; and 
these vortex filament*. 31 s they are called, may he knotted or linked 
together in a variety of ways. Thus If we treat the ether aw a |wrfect 
fluid, then any portion of it in vortex motion 
must for ever remain eo, Such motion can never 
lie created or destroyed, and a |iortion of the 

other possessing it must for ever remain differ- _ 

entiafed from the rest, A vortex filament in 
the ether will thus ait once possess the character 
of permanence demanded for man ter* It will he 
an atom in the true sense, for it can never lie 
severed. The ends of such a filament cat mot 
exist except at the boundaries of the ether, which is supposed to fill 
all space. 

The vortex atom theory of matter was originated by Sir William 
Thomson/ sunn after the appearance of Helmholtz* paper—In fact 
while witnessing Professor I 1 . G. Taitb beautiful experiments on vortex 
rings,* 

Vortex rings are formed when air is puffed through a circular 



Y*\t- l-VflrtK ring-. 


1 K«lmtio]tx, Crrtk t 19*9 ; Ml. J 
1 Si? WiHi.uu Thotnwn, /Vw, JJaji. Ste. Hditt., JS«7. 

a lUctui lit Fhy*<#ii Snrna. p 2Bd. Snmr jnt<‘rating «xpruwml» on 

Tortax rings Mo ilrscfiW hj Sir K. Bail, mi. Jfoy. *oL ***»L p. lii. t8«S. 
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Uparturc In the ridc of a Ikjx. Thu smoke rings which soma smokers 
are expert in making are abo fairly good examples. 

Professor Tftlfc conducted his experiments with the simple appn 
nitLis represented in Pig. 3. Itconstats of a plain wooden box with a 
erreukr aperture, *j or 8 indies in diameter, in ouaemL The opposite 
end of the box m removed and replaced hy a tightly stretched doth 
or tfheel of india-rubber* In order to render the rings visible the air 
in the box must be impregnated with smoke or line particles of some 
floating matter which are distinctly visible. For this purpose the 
bottom of the box is first sprinkler! with a strong -solution of ammonia, 
so that the anterior becomes filled with ammonia gas. Hydrochloric 
acid gas is then generated in the box hy simply pouring some sub 
phitrie arid into a aaticcr containing common salt. The hydrochloric 
acid ges unites with the ammonia and forms a dense cloud of small 
crystals of ajd-iiiuiuonhc in the air within the box. If now a sudden 
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blow is given to the membrane covering the end of the box, a vortex 
ring issues from the aperture in the other end and moves forward 
s hroiJgh the room bke a solid projectile. When two such rings collide 
they rebound and vibrate, in consequence of the riiock, like I iamb of 
solid india-rubber. Vortex rings may, however, be caused to vibrate 
without impinging on one another. When the hole b ciauhtr (he 
rings are circular, and this is the si able form. If the rings deviate 
from the circular form they will vibrate about that form aa a position 
of equilibrium- Heuee to obtain vibrating rings it m only necessary 
te make the aperture through which they are discharged elliptical, or 
oval, or even square. 

Another curious result deduced by Helmholtz in his paper may 
«l» Imj shown experimentally* If t wo vortex rings be moving in the 
same direction with their planes perpendicular to the line joining their 
centres, the pursuer contracts and accelerates its *j»ced T as A and R 
Fig. 3, while the pursued expands in diameter and diminishes in 
si>ccd r so that the hinder pno ultimately overtakes, jmsses through the 



-- 
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other, and takes the lend (shown ait A r B r ). The snuio process tie curs 
again, and a system of alternate threading is kept up- If t however, 
they approach each other from opposite directions, both decrease in 
velocity and expand indefinitely in diameter, but never reach each 
other* One behaves to the other ft£ sEh image in a plane mirror, ami 
the same thing happens when a vortex ring moves up directly towards 
a plane wall, 

A* any ring sails through the room it is not only the particles of 
>al-amiiioiiiae or smoke (which merely render it visible) that remain 
permanently in ii. The air forming its core remains the sllhiCj. atid is 
the very l ing of air which left the aperture of the box. in fact, if 
there were no fluid friction the ring would not only remain perma¬ 
nently constituted of she same particles of stir, but would go oik rotat¬ 
ing for ever. Once created, il wfantd remain eternal. ^ ortex rings in 
a perfect nun-viscous fluid thus possess the essontial property of imle- 
structibilUy demanded lor matter by chemistry* and in such a fluid it 
would l>e equally impossible to create such rings. Theoretically a 
vertex filament may have a variety of different &dsa[ws, and may be 
knotted or loojied about tit ^ny 111:111 tier. In practice, however, it 
seems possible only to form rings of the simple circular type. An 
aperture has not yet been devised which will id low the smoke rings to 
escape iu a knoll eel or looped form. 

The motion of the air in the ring is a rout ion round the core or 
central line. If the ring be looked at when approaching the observer 
front the box, then the particle* of air on the inner edge are moving 
forward, and those on the out side edge are moving backw ard, from 
the observer, shown in Fig. 2. 

The vortex atom has at first sight very strong recommendations id its 
favour. It possesses at once many of the essential qualities of mutter- 
It is indestructible and indivisible while Its strength and volume 
remain constant, although its diameter may vary* ant) if two rings be 
linked ot knotted they mu^i remain ^ for ever. Again, a vortex ring, 
when free from the influence of others, moves rapidly forward in a 
right line* and thus possesacs kinetic energy, while it may also 
vibrato about a form of equilibrium, and in this way give rise to audi 
wave motions in the ether us arc supposed to constitute light and 
radiant heat. The theory U consequently much more fundamental in 
character than any other, since it merely makes use of a populated 
medium, the other, and the principles of hydrodynamics to explain 
the properties of matter, and consequently all ihc phenomena of 
nature. It doc* not posit hard atoms endowed with power* of 
attraction mid repnltdon, but it endeavours to follow the mechanism 


CUitatt of 
the vertex 
Atom. 


THEORY Or MEAT 


OEIAlV i 


715 

Uy which one uioluunlo influences araither, and tints gives a metitsil 
representation of tbe actual processes in action. 

Hie development of the subject is seriously impeded by very 
formidable mathematical difficulties, and the theory is as yet in its 
infancy. TbiEy sonic of the simpler problems have been worked out* 1 
and we cannot tell as yet whether the theory will survive the tests 
whiuh He Injfore it. when the complete mathematical investigations 
-ImlJ liavo been worked out* and the results compared with experi- 
me ft. In making sueh a comparison, however, it must be kept in 
view that the experimental work will ileal with vortex rings formed 
in a material fluid, such ns air, which is not even approximately 
j>eifeet in the sense required by the mathematical investigation. The 
adaptability of the theory will therefore depend on the assumed pro- 
|>mtes of the ether, and mmiideations found neeeesaiy by future 
investigation need not overthrow the theory, hut mther lead to a 
knowledge of the necessary properties of the nietlinim- 

[Ihe [properties of radioactive substances discovered In recent 
years, together with the laws relating to the spectral lines and otflffr 
physical properties of the chemical elements, point strongly to the 
conclusion that the true atom is the Morn of electricity, of which 
(wo kind * exist, positive and negative. The researches of Bird, J r 
1 homson have shown llrnl the unit of Negative electricity, now 
usually called an tieriron, possesses a moss less than one-thousandth 
that of a hydrogen atom, this mass being probably entirely due to its 
electromagnetic inertia and consequently dependent on the velocity of 
the electron- The unit of positive electricity possesses a much greater 
mass than the electron. A neutral c hen deal atom is regarded as 
being made up of an equal number of units of positive ami negative 
electrtcityj bound together by their mutual attraction. Lord Kelvin 
proposed the view that an atom of matter cousins of a sphere of 
|H).*»itive electricity containing within it a numlier of electrons whose 
total charge i* equal to that of the positive sphere. This theory 
ba^ he on elaborated by Sir >. J. Thomson, who has shown that the 
^lability of the system can Iwa accounted for <m mechanical principles, 
if the electrons rotate in concentric rings. If the electrons arc 
leas than five in number, a stable arrangement is possible without 
rotation. Five electrons will form a stable system if rotating in 
a single ring round the centre of the positive sphere. If there 
are more than five, there must he more than one ring. A positively 
charged atom 5* one which has lost one or more electrons, and a 

1 J, i. 1 htmison rKii 1 ort^n : Miemillim and Ce. f lSStf. 

T Cf. Taft* Ptujxrtifx pf JMtfftr, p. 21. 
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negatively charged electron is one which baa acquired me or more 
electrons in excess. This theory accounts success fully for a number 
of chemical facts, such as the valency of ek-meut.fi and the periodic 
system. It has, however, been shown by £ir E. Rutherford that 
it is necessary to assign ji very email positive nucleus to the alum 
in order to account- for the scattering of « particles by mat ter. Ou 
this view, a remarkable theory of the atom has been pul forward by 
N. Bohr, 1 According to Bohr's theory the atom of hydrogen, for 
instance, consists of a very small nucleus of positive electricity with 
a single electron rotating round it in an orbit which is probably 
circular. A positively electrified hydrogen atom is one which has 
lost its electron, and is therefore simply a unit of positive electricity. 
The mass of the atom is practically all resident in the positive 
nucleus. The atom of helium consists of a double charge of positive 
electricity in the nucleus with two electrons revolving round it in 
the same orbit, but situated at opposite ends of a diameter. Thus 
the rx particle of radioactive processes in a helium atom without 
its electrons- The lithium atom has a triple positive charge at 
the centre with three electrons rotating round it, two in an inner 
and one in an outer orbit, and so on for successive elements. To 
account for the stability of the system* and the homogeneity of their 
spectral linefi, Bohr abandons the ordinary Newtonian mechanics 
and invokes the aid of Planck s quantum theory (*oo Art, 2S4), 
The orbit in which the electron of a hydrogen atom revolves, may 
bo any one of an infinite scries determined by this quantum theory. 
When the atom is ionised, afi in a Gmater tube, and recombination 
takes place, then the energy emitted during recombination is 
given out as a homogeneous radiation whoae period is determined 
by the particular orbit into which the electron settles down, no 
radiation being emitted while the electron continues in any orbit. 
The innermost orbit, corresponding Ln the greatest emission of 
energy during recombination, is the moat stable. In this w H y Bohr 
ie able to account for the series of Spectral lines, known as the 
Rabner aerie*, for hydrogen and helium. The constant (Rydberg'* 
constant) occurring m a coefficient in the formula for spectral lines 
is given correctly in numerical value by the theory, and striking 
confirmation is afforded by Its agreement with many other physical 
ami chemical facte. The order of the chemical dements appears 
to depend solely on the positive charge of the imoUrna, which is 
roughly equal to hall ihc Atomic weight. This was pointed out by 

1 pXil. Mutf^n IBIS* IT* Ip ■ 1B14, \k GCfl ■ IS>ifr K y. S#4. 
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Rutherford, and is supported by Moseley & experiment* on the 
X-ray spectra of the elements. 1 If the vwtexntoin theory of 
this Article should ever be revived, it will doubtless be in n 
different form, ami designed to account for the constitution of the 
electrical atom.] 


SECTION VII 


OX KN’ERtiY 

59. Motion the Primary Basis of nil Phenomena, li we admit 
the belief which lies sit the foundations of chemical science, namely, 
that All material substances sire built up of simpler substances or 
elements, which may combine in various manners, but which are 
unchangeable, am! ever retain their distinctive properties, we are Jed 
to regard nil change* in the universe os ultimately due to changes in 
the local distribution, or state of aggregation, of elementary matter, 
and therefore eventually brought About through motion. If, therefore, 
motion bo the primary change which lies at ihe basis of sill other 
changes, the final aim of physical science must be to determine thow 
movement* which give rise to all other phenomena, and trace their 
origin ami progress. The problem thus merges itself into one of 
dynamics, and all the various so-called forces of nature must lie 
estimated by the same standard, namely, mechanical force, and this, 
in fact, is expressed in the law of the conservation of energy, 

60. All Motion and Energy Relativ e -In speaking of motion it 
must always be borne in mind that all estimation of it is necessarily 
relative, and for this reason no body considered by itself cun be said 
to bo either at rest or in motion. When we say a body i* at rest, or 
moves uniformly in a right line, the estimation is made relatively to 
some system which we arbitrarily choose as fixed, force, then, which 
is measured by the rate of change of motion (the word here meaning 
momentum, or mass multiplied by velocity) is also relative, and 
kinetic energy which is measured by half tho product of the mass 
and the square of the velocity is also relative to the same system. 
Energy, then, in its estimation is relative, dm ply because velocity i* 
relative. 

When we apeak of the kinetic energy of a body or system, *'<> always 
mean the energy with respect to some other chosen system, or else 
we mean nothing at all. This relativity of energy is sometime* Inst 
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right of, and h is not uncommon to find the kinetic energy of a bodv 
spoken of as something quite independent id alhmode* of calculation 
— in fact as an objective reality, a thing exiting outride cmr senses, 
as the mass of a body i* commonly regarded to lie P 

Energy is again often stated to he only associated with matter, so 
that matter has been defined us the vehicle of energy; this,, however, 
does not hold according to our limitation of the word matter, for wo 
know that energy in immense quantities is perpetually pissing through 
spuce with the velocity of light in the form of radiant beat and light, 
and that it exists also in the so-ealled potential a Mite, The former 
exists in the ether, and probably also the latter. 

The ether, then, U ilic great vehicle of energy; mid, indeed, it 
is Eiluofiy on this account that the ether has been jjostulated. For 
the sake of distinctness we have agreed not to regard the ether as 
matter, or a material substance, or as necessarily possessing the 
distinctive properties of matter,, hut choose rather to take ii as a 
fundamental medium, and to endeavour to explain all phenomena, 
matter included, by moans of it. If the law of conservation be trim 
however, the energy in an isolated system is objective like the matter 
of the system in so far as it j* measured relative to a being in the 
system. To this being the quantity of energy will be definite and 
constant It cannot increase or diminish, except by communication 
from or 10 the regions outside. To a being outside she system, She 
energy of the system will depend altogether on the standard of 
reference, and the question then arise* if the matter of Hie system 
also varies to that- being in a similar manner. 

It will consequently be of prime importance to examine the 
Tucatling and foundation of the law of conservation of energy, on which 
all modern physical science has been built. 

61. Measure of Energy and the Law of Conservation.—We 
approach the subject of energy through our ideas of work, or scn*f of 
effort. When a weight h raised from the surface of the earth, work 
is said to have been performed or energy spent. The work done is 
proportional to the weight and to the height through which it is 
raised conjointly., and the %rwunrsv of the amount of work done or 
energy spent is accordingly taken equal to the product of the 
weight w and height h t or trh< Now if any nwm fa I la under the 
action of gravity through a height h r rlie square of its terminal 
velocity will be **= 2?/A, so that where m ie the mas* of the 

body and w is equal to flip, } n the same way 1 if the mass trr he pm 

1 It should be -artfully netful that tin* eqiulign - ^ lr 4 Is mt Q mM 
CTnUiming a d^vp physical JiW, buUrtWft entirely Tmm our ddmitmrj 3 wort ^ 
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jocted vertically Upwards wi e la a velocity r, it will rise to a heighi 
A given by the foregoing equation* *o that the initial velocity r 
po&i&Hstrd by the mass m will perform the work necessary to raise it 
to a height A. For this reason we say that a body in virtue of its 
velocity can do work* and the measure of this work ia j mt& r We 
consequently say it possesses energy of motion or kinetic energy. 
Conversely the body in descending through a height k could draw 
an equal inasa up to an equal height, or any other weight «r' to a 
height A' given by the equation irh w'k\ bo that a hotly in virtue of its 
position can do work* and l his we call energy of position or potential 
energy. As thus measured, the two energies are exactly comple¬ 
mentary. In the m&e of a body falling freely* aa the potential energy 
diminishes the kine.tie increases, and their sum remains constant. This 
h the simplest case of cotf&emuioii, and is beautifully illustrated in the 
common pendulum. At the highest point of the swing the velocity ia 
aero, ami the kinetic energy vanishes. Here the potential energy is 
greatest, but as the pendulum falls the potential diminishes and the 
kinetic increases. The speed of the falling bob increasesn.-i it descends, 
^nd at the lowest point it possesses a velocity sufficient to raise it toils 
original level; here (he energy is all kinetic and *hc potential vanishes. 
At any other point the energy is partly kinetic and parity potential, 
but their aum has a I ways the same value. If A be the height above 
the lowest point at any instant* and r the velocity of the bob, t.hcn 
i*-h + W [;T the same at all points of the swing. 

The same oscillation from kinetic to potential and back again 
occurs in the planetary system* When rhe earth in farthest from the 
*un, her velocity and consequently her kinetic energy is least., but in 
this jiosition she possesses a balancing store of polentinl, As she 
rounds the farthest point of her orbit atid begin* to approach the 
sun, ahe acquires increase of kinetic ait the expense of her potential 
energy. When nearest the sun her velocity ia greatest and her potential 
energy least. As she rounds this nearest point, and begin* to retreat 

tuna', and thdr mode of ii^MunMu^KL Thus farcu is cpeaMired by the niti" of 
v bring® of momBntnm, or far a body of give el ran** m 

„ ^fmp) rfo 

F= -sr" ,fl si' 

and work w d^Jiacd force multiplied by dlitaucB worked through, thnt is thw 
p£*to iattgnd of thn force. Hence 

W- jf Ftfj- = |lfi«ff=|«(l|™+C. 

Tin? Work done, therefor®, in dunging the Velocity of j body frunj r D to v is 
- jmrA and this folbws from the mode of measuring force nod work. 
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fiotu the sun, hw kinetic energy begin* to diminish; it \& used up in 
ioing the work necessary to withdraw the earth Against the powerful 
at traction of the sun, hut nit equivalent k always stored up readv for 
uso, full tale. without loss, but still without gain. Such is the ebb 
*™d How throughout ail nature of Hie viable energy of the universe. 
At one place increasing and exhibiting itself, like new lifts in [ lie motion 
of her matter ; at another diminishing, disappearing^ becoming latent, 
oi, as we say, potential, leaving the matter, at least as visible motion, 
oscillating throughout all the regions of space from potential to kinetic, 
and from kinetic to potential, but without increase or diminution of 
the total shock. 

Other examples of stored-up or potential energy occur in a wound-up 
dock, a bent crow-bow or spring, etc. The work done in winging up 
a clock or Hatch is stored up a* this so-called potential energy, arid, 
being paid out gradually to the machinery, keeps it in motion. The 
energy sprit in drawing a bow reappears again in the kinetic energy 
of the shaft which Hies from it, and perhajH it i* in some very similar 
manner that the vast stores of potential energy are [Hint up in 
explosives. 

Illustrations of the principle of conservation occur in all the ordi¬ 
nary working engines and mechanical contrivances to facilitate labour. 
A great weight may lie raised to a house-top by a single man through 
the means of a system of pulleys, or n large mass may bo moved by a 
lever ; but in all such eu^es the work done by rise man is mi diminished 
by the use of the engine. Ir merely enables one man to do a piece 
of work which it might have required ten to do without the engine, 
but the work done by the one man, measured in the ordinary way, is 
always equal in quantity to (hat done by the ten without the engine. 
This general principle is usually stated for machines in the form, 
"What is gained in power Is lost in speed/' 

W lien a body falls freely under gravity it gains velocity or kinetic 
euorgy. Duri ng ita desecnt, howovor, the body may lie issad to rform 
work T to raise other bodies, or to put them in motion—for exam pit 1 , to 
turn machinery. I-hi=s takes place ill water wheels in which tlm fall 
of water from a higher to a lower level is utilised to supply ihc motive- 
power uf milk In the cane of overshot wheel* ihe water escapes over 
the top of the wheel, arid by im descent keep* t he wheel in rotation ; 
in the case of undershot wheels the water escapes below the wheel 
and turns the wheel by impact. The machinery, in the latter ease, k 
turned not directly by the hill of the water, but by means of the 
previously acquired motion of the water. The kinetic energy of the 
water indirectly transferred into kinetic energy of the machinery, and 
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tins may be convened into my kind of work. The machinery, for 
example, may be employed to work » dynamo, and the dec trie current 
eo generated may drive nn electric motor, which may be used to rake 
weights {or perform any other kind of work) t and throughout all these 
various transformations, if we could arrange that no loss would occur, 
the output of the motor would be equal to the supply advanced to the 
water-wheel The motor would be able to lift all the water kick to 
the level from which it fell. Another variation might be employed, 
which would embrace other forms of transformation; the electric cur¬ 
rent might be used to generate heat in a, wire, or decompose water, 
or it might be distributee! in any way to drive dynamos and light 
our streets and houses. 1 

The windmill is + like the undershot wheel, driven by Impact, It 
derive* its motion from the motion of the air; but in both cases the 
velocity of the water and the velocity of the air Jire diminished. The 
energy of motion of the driving material (water and air in these cases) 
is diminished by mi amount equal to that gained by the engine. 

The output of such an engine is, however, in practice always less 
than the supply. Thus a pendulum ones started to awing should 
go oil swinging for ever, but in practice this is not the cane, Thti 
amplitude of the swing gradually decreases, and finally the pendulum 
comes to restv It gradually Iww its energy. The kinetic energy it 
possesses at the lowest point of its swing does not raise it- to quite so 
high a level jis that from which it fell. One cause of this wit! be found 
in the air in which the pendulum moves. During its oscillation the 
pendulum Is continually beating the air away in front. It is sotting 
the air around in motion, and consequently losing a part of its own 
motion, so that the kinetic energy at the lowest point becomes less and 
ks® every swing, till it is finally all frittered away. If there were no 
air around the pendulum, the motion would still gradually subside 
from another cause. This arises in the friction at the supports. In 
the came way a Hy-wbeel turning on an axle gradually loses its motion 
through friction. Heat, we know, is generated by friction, and the heat 
produced is + by Joule's experiment, equivalent to a certain amount of 

* In a dyrumu driven by Wntflt-power nt tallffbn on fh? Kcekmr genoHLU-d 
ab diH!tric oinTOit, which wia co&lIucEjhI to the Electrical Exhibition ut Frankfort, 
over 100 nui^H distant, Thift current W 1 > tfwuifcrmod at LdUfieft from one of low 
to oiid of high force* and un arriving at Frankfurt it wa*. tnmBfbna&i 

back again to "Elc of low rieotra-motive force, Part of it Wsji then and to ilLtUnUiAtc 
1200 arc-Iuu|)s, *od the remainder Wjlm vmipLoycd in drivings \mi up, which ni&cd 

vratAKr frorri Ihn mains irj the toji of nu hi title ini bill, where it tle.ireiulcd ilh- a urilcr- 
fiJi on the Exhibition ground*, Tbus the UMUcrfaP m LauJJ^n was re produced is 
I*rt nt Fnnkfort, the murgy luting EreuHiiiIitcd over a disunc* of 10 H miltK and 
ratfEfMttiDg ufrer sLi^ral lrniL»fur[UHitLui]-> Lu it* iniliui form. 
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work. When! heat is produced a certain amount of energy must be 
spoilt somewhere, so that if friction occurs in nay part of a machine 
there is a lost* of energy there* For this reason* then* the fly-wheel 
comes to rest. Even though heat were not produced, ulcetrifii i atioi:i 
may be produced, and this would use up part of the energy, and the 
system would tome to rest* If. however, neither heat nor electricity 
be produced, the energy of the system might lie spent in processes of 
which we have no cognisance* It might he gradually radiated into 
sjjace^ so that, although 3iy experiment we would be unable to account 
for the dissipation of the energy of the system, yet the principle of 
conservation might he true. In the mine way the machinery might 
receive energy from the vast store in the ether, 1 and of this we might 
have no cogiii*a&CG, bo that friction might occur and still (lie machinery 
go on for over. We should then have a kind of perpetual motion, but 
not necessarily a violation of the doctrine of conservation of energy. 
From this point of view, the principle can be neither proved nor 
disproved ; it must for ever rest on accumulated evidence, 

62. Recap It Li tat Ion.—In recapitulation* thin, we sec that an 
elevated mass can do work by sinking ton lower level, and that it 
loses its capacity for doing such work as it sinks* that is, in proportion 
as the work is actually jKjrformed, The same applies to spring* and 
elastic bodies in a state of compression or extension, as well as to 
moving masses. Heat may be employed to do wort, but in this 
process an equivalent quantity of heat is destroyed, Electric currents 
may be used to do work, but to maintain the current an equivalent 
amount of work must be spent. Chemical compounds may l* j dc- 
ctmi|K>*cd by the expenditure of energy, and thi> energy may be 
regained by recombination oi' tile ehmmnis. Thus the nriiver.sd 
eharactcrUtic of equivalence and convertibility prevails in all 
mechanical* electrical* thermal, and chemical forms of energy. When 
a quantity of any form is apent, an equivalent of some other form, or 
forms* is produced* 

According to the law of eon ^et vat ion, the universe is endowed with 
3 i stare of energy which, through a IE the varied changes of natural pro- 
rcssc-s can he neither increased nor diminished, but which* though [ias*- 
ing through ever-varying phases of transformation* ta, like the matter 
of the universe, utiutuuiging in quantity frutn etendly \n eternity. A El 
changes and phenomena are due simply to variations in its mode of 
appearance. Here we find one portion of it as the via rhv of rnass-t's 

* Trtke, for I'jMumh', the ntor4|fo of ^□■o-rg'y by iiud inatjojj nT lla raiJin- 

nsuter. ThriW o^nlioiu aii^ht aIsoIw elfcctrtl by navea which w* cmald not rfrt«et 
(fthinvlift. 
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moving ns u whole, or as the vibration of their parts, and there wo 
detect smother til the ethereal waved which produce light and radiant 
heat; while, on the other hand, we locate vast quantities of it in the 
energy of position of large metises, or of their const it tie tit molecules, 
under the names potential and chemical energies. This probably is 
engaged in the process by which one body attracts another and one mole- 
mile another, while ill petrha]# tame similar way u portion is distributed 
in the ether around magnets, or engaged (in electrical processes. The 
principle, as it now stands, ha* come to be by fur the most fruitful 
generalisation of modern physics, and its truth is supported by every 
experiment ami application nf physical principles. There is no depart¬ 
ment of physical science with which it does not dual and furnish the 
investigator with an engine of attack of the most powerful character. 

63. Historical. -The first clear atid distinct statement of the law 
of the conservation of energy in its general form was published in 
1812 by Dr. Julius Robert Mayer 1 of Heilbronn. For a small group 
of phenomena it had been already stated by Galileo and Newton, and 
afterwards more definitely bv D. Bernoulli, and no continued recog¬ 
nised ns applicable to the then known mechanical processes. Certain 
amplifications were from lime to time introduced by such men as 
Ifumford, Davy, Carnot, Sf-gtiin, arid Montgolfier, and it is probable 
that more th»n one of these philosophers had a strong feeling of it* 
jierfect generality, but feared to statu it without sufficient experi¬ 
mental evidence. This evidence did not exist when Mayor first 
published his general statement, ; but still remained to he deduced in 
that department where the applicability of the law appeared most 
doubtful, viz. the production of heat from work, and of work from 
beat. While Joule and Golding independently laboured to establish 
the law, Mayer was led to it by physiological questions, and with the 
greatest clearucss grasped the principle in its widest generality. 

I To also pointed out that the dynamical equivalent of heat n» « 
fundamental constant to be determined by experiment, and assuming 

1 liablg’s VI *y 3 S IL 

a Joule ;si>*: " Nritli^r in Sifgttiu’h writings dot i cl Mayers {ujwrof 1S-32, were 
l] lcn . -.ueh of iht by|H>t^Hiii itdviuuMHi an mem aalEciBiit to ciiLw it ti> he 

uiJjiiLlEl'll into without farther inquiry. 3 talk?* th*t thm Mperiraent 

ihtXrllfkht-^L U* tlay-Ltl^iid wn* mt refrim! t-.. by Mny» r previously it* the. year 1&I&. 

A fkpt- 4 r-. Efi how hastened to |iiLib3 Le^Ii; lists te*w* for thu C3t[irm ihit]h>o of 
Jiitrursn^ ]'rioi£tV. He did *r*it till he had the opportunity of nupjiArtin^ them 
hy fWfct. My i'OUTm, oti the euhtrftry r wrt* to pulilkls only Gudi thrutic* an 1 Imd 
raUldkb-d by osj^ riaient* I* oomrenTid thf-nt lo the scientific public, 

kvlug >m\ 1 copTLocdi t:-f Sir J- IlerM&tVi retuirk Hint 1 lwty i^uflndiiutioii U thi.r 
IniQfl of MriPiqea(Jonie, PhiL 1*64, part iL p- 161 ; -u-i: aIgo 1B62, l**rt ii. 

p. 121), s Mjjerimflntif conwwwfid in 1B40. 
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that the work done in compressing a gas h the equivalent of the heat 
generated* he deduced the number 3G7 gr. met, from the values of the 
two specific lieuts of air available at the time (see p. 255). With regard 
to this method* which will be described elsewhere (p. 267), it may be 
remarked that the substance operated on does not pass through a 
complete cycle of changes; it is not in the same condition at the end 
uf the operation as at the beginning, and consequently it i& not legiti¬ 
mate to assume that the heat evolved is the sole effect of the work 
spent in compressing the gas. The volume is changed, and it h quite 
impossible to say n priori whether this change may not involve an 
expenditure of work such as h employed in winding up a spring. 
Three years previously (1839) Segura had given expression to the 
same ideas regarding the equivalence of heat and work, and had 
obtained the value 369 by a similar method, and it appear* from the 
last edition of Carnot's works that at least before 1832 (the date of 
his death) this distinguished scientist had not only embraced the 
dynami ca l theory of heat, hut had planned many o! those very ex¬ 
periments by which Joule subsequently establishtN] the equivalence of 
heat and work* He also gave an estimation of this equivalent (370), 
probably deduced from the same data a* those employed by Mayer. 
It thus appears that the principle of equivalent# was harboured by 
nearly all the great scientific thinkers of the early part of this century, 
and that the general doctrine of the conservation of energy grew in a 
more or les* gradual manner as experience became more and more 
extended. Great nervier was undoubtedly rendered to science by 
Mayer's distinct and comprehensive statements* but at the time he 
made these statements, Joule wa* conducting his experiments on the 
dynamical equivalent of heat, and folding was presenting important 
papers on the same subject to the Royal Scientific Society of Copen¬ 
hagen, It does not seem just, therefore, to assign to any particular 
person the credit of establishing the general principle* or to regard any 
particular man as the father of the doctrine of the conservation of 
energy, hut one thing i* certain, namely* that Joule was the first to 
make an accurate determination oi the dynamical equivalent of heat, 
and that the final development of the methods of applying the dec trine 
in detail to the problems which occur in the science of heat was 
mainly due to the simultaneous work of Clapsius, Kamkine, and 
William Thomson between 1349 atid I85L 

Much about the same time Helmholtz independently set himself 
to work out the principle from a mathematical point of view, and 
showed 1 that the energy of any system must he conserved by starting 
1 HfllttiholU* firfiti Ft drr Krnft, 1S-17. 
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with Newton'* law* of motion, and the supposition that matter consists 
of particles which act on each other with forces directed along the lines 
joining them, anti which depend only on the distsinco- 

Tho general principle of the conservation of energy k not, how- 
ever, to be proved by mathematical formulas. A law of nature must 
be founded on experiment and observation, and the genera] agreement 
of the law with forte leads to a general belief in its probable truth. 
Further, the conservation of energy cannot be absolutely protui even 
by experiment, for the proof of a law require* a universal ex]*!Hence, 
On the other hand, the law cannot be said to be untrue, even though 
it may seem to ho contradicted by certain experiments, for in these 
cnees energy may be dissipated in modus of which we are as yet 
‘Unaware. 

64. On Potential Energy ail Energy probably Kinetic, it 

may not bo out of plftco to examine here the meaning of the term 
potential energy. When a body i* projected vertically upwards it,* 
velocity gradually decreases, the kinetic energy which it possessed at 
the beginning of the flight gradually leave* it as it rise*, and when the 
body reaches its highest point all it* initial energy of motion has dis- 
appeared. The question then arises, what has become of the energy 
0 f morion of the body 1 We sav it ha* become potential, that it has 
become latent or Ims disappeared, or ceased to exist » visible motion, 
or that it hoc been used up in raising the body from the earth- Tin*, 
however, is by no means an explanation of what lias happened. It 
reaches us nothing further as to the process in operation during 
motion. Observation shows us that the body possesses motion 
initially that as it ri.es the motion is gradually lost, and that it is 
gndnaHy regain®l as the body returns to earth. The word potential 
energy hero Is only fl name tor the difference between the initial 
kinetic energy of the body when starting in its upward flight, and I hat 
posseW nl any other point of the path. This, we have seen, may 
ba represented by the expression «A, where w is the weight of the 
body ;m ,l )t [be height it has ascended. In tlie same way the potential 
energy of an isolated system of masses in any configuration merely 
denote the difference between the kinetic energy of the system in that 
configuration, and the kinetic energy in some other chosen configure 
tion (generally chosen a* that of maximum kinetic energy). 

The question still remains, what becomes of the motion when the 
kinetic energy of a system diminishes f Can motion ever be changed 
into anything eke than motion T If wc assume a fundamental medium 
whereby to explain all t he phenomena of nature, then the properties of 
this medium ought to remain unchanged, and all other changes must 
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be ex| i lai!ifill by iuotion of the medium, Such an ;si5umptioit is quite 
philosophic, and the method of procedure is certainly scientific. An 
evident reply to the question of what becomes of the motion of a 
projectile rising upwards is that it posses into the ether. The first 
assumed projserty of the ether is that it can contain and convey energy. 
There is no a priori reason, then, why the energy of motion of a pro- 
jectilc as it rises upwards should not be stored up as energy of motion 
of the ether between the body and the earth, or elsewhere. The 
KiDetic oscillation from kinetic to potential, and from potential to kinetic, in 
™eTiu" Lte eilse of t,le pendulum is then, from this point at view, merely 
»n interclmngc of energy of motion going on between the muss 
of the pern] ulum and the ether around it. According to this 
view all energy is energy of motion, and mini he measured by the 
ordinary mechanical standard The work we do in lifting a body 
from the earth is spent in generating motion m the ether, and a* the 
body falls this motion passes from the ether to the body, which thus 
acquires velocity. In the same way, the work spent in generating 
electric currents ami electrifying conductors untM be represi nted as 


spent in generating motion of the ether around ihu electric circuits 
and conductors. On the vortex atom theory of matter ilns view k 
quite intelligible, for here wa have nothing but ether and motion in 
the uni verse, so that nil change must hr interchange of motion. If 
motion ]>asfles from one body it must either pans into other bodicn or 
else into ibe ether, so that all energy h kinetic, and what wo call 
potential energy, or energy of position of a system, h energy of motion 
in the ether* which has left the system and besoms. located in tho ether, 
and width maybe regained by the system from the ether. The oscil¬ 
lation of energy, then, is from ether to matter, and from matter toother, 
and on this oscillation all the physical life of the universe depends. 

A rough mental picture of the process might be obtained as 
follows. might suppose a body connected to the earth by vortex 

filaments in the eiher T which would replace the lines of force. The 
ether Is spinning round these lines* and when the body is lifted from the 


earth the work clone is expended in increasing the length of the vortex 
fi laments The work is thus bring stored up as energy of motion of 
the ether, ami when the body falls to earth the vortex lines diminish 
in length, and their energy of motion passes into tho body and i* 
represented by the kinetic energy of tho 

6S. Perpetual Motion— Indestructibility of Matter,—The object 
of the pe qjetuab mot ionis is was tu construct an engine which would work 
continually without the aid of any external cl riving force—an engine 
which would do work without fuel or any other supply of energy; The 
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solution of this problem promised enormous gains, and bid fair to replace 
the gold-hunting ope rat tons of the alchemists Work is wealthy am I a 
machine which could work without fuel would prove els profitable a 
possess ion as the philosopher's stone. The possibility of perpetual 
motion in this sense, viz. the creation of energy, is opposed to the Ihw 
of conservation of energy, which h now uni verbally accepted as the 
foundation of physical science, .Still it would be quite consistent with 
this law to construct an engine which would go oti working without 
expense to the owner, other than the wear end tear of the machinery. 
An actual example of such an engine is a water-wheel He re the 
driving power costs nothing, except there 1)0 a river tax ; it come* 
indirectly from our grail, reservoir, the sun. In the tame way, on a 
small scLile, Crookes 1 * Radiometer ia mure directly driven by the heat 
of the aim* and there is no a yra-.f reason why the ingenuity of man 
should not utilise the vast store* of energy which are localed m the 
ether, and ever traversing it r to drive hi* enginea. 

So &U<\ if matter be vortex motion in theether, ii l? not impossible 
that the constitution of the ether may be such that the very motion 
which constitutes matter may in time be used to serve the pur juries of 
uian. Matter, in fact* may riot be indestructible or uiacreatable, ami 
man may yet discover the means of so directing the motions already 
r sifting in the ether, that any one kind of motion may bn converted 
into any other ;it will, and still the law of conservation may hold 
throughout. .Such speculations ars, perhaps visionary| hut ^till they 
are nut out of place, for they tend to overthrow dogma as to what 
must or must not happen. If the ether fills the universe, and if it 
coniains energy throughout, then the store is infinite; and with this 
inliiLite store at our disposal what may not be possible when we 
discover the means of using it ' 

Indicator Diagrams 

66. Graphic Representation of the State of a Substance.— 

An exceedingly fertile and lucid method of treating many physical 
problems wa* introduced by Watt, the celebrated improver of the 
steam-engine, and is known sw the graphic method. This oonaiats in 
representing the pressure and volume of a substance by the co-ordinates 
of a point, ho that each point in the plane of she figure corresponds to 
a definite pressure and volume, and therefore represent* a definite 
condition of the substance. The state of the substance may, therefore, 
be said to be determined or represented by the position of the corre¬ 
spond mg point in the diagram. The method was devised by Watt for 
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the purpose of determining the work done by a steam-engine, and it 
is still employed for that unci similar purposes, Subsequently Ckpey- 
rou employed it to interpret the work of Carnot* und it bus since been 
adopted and used with great advantage in ever j branch of science, 
especially in the domain of thermodynamies, where it often proves 
itself easily intelligible to those who cannot follow the more compli¬ 
cated analytical investigation*. 

Let OX and OY (Fig+ 4) In? two fixed rectangular lines chosen as 
axes of reference ; t hen the distances QA' and AA' of any point - A 

flora these lines completely deter¬ 
mine the position of A, These 
distances are termed the co-ordin¬ 
ates of the point, and when they 
are known the point A can be 
found. 

Hence, if pressures are meas¬ 
ured parallel to OY and volumes 
parallel to OX, so that A A' represents the pressure of a substance and 
O.V its volume {per unit mass), then the position of A on the figure 
represents the state of the substance as regards pressure and volume. 
Every position of A corresponds to a definite condition of the hiiIj- 
sfohce, fur when the pressure a ad volume are known the temperature 
is in general completely determined, Home times, however, two or 
more different temperatures may be possible at the same pressure and 
volume, as happens in the case of water for an interval above 4 C., 
between 4 and 0 H and below 0 C. To represent the state of the 
substance completely l hen, It is only necessiir? to erect a perpendicular 
at A to the plane of the figure, and to measure off along this jier- 
pendicukr a length representing the temjwrature (or lengths represent¬ 
ing thr temperatures) corresponding to A. and as A moves about over 
the plane the extremity of the perpendicular will describe a uvurfitcci in 
space which will represent the uharactGrains of the substance, every 
point on the surface corresponding to a definite cotidition of the sub 
stance. Tims, if the chnracteristic equation connecting the pressure, 
volume, and temperature be f(p J r, fl) - 0, then this will l>e the 
equation of the foregoing surface, nncl j* f r* H will bo the rectangular 
coordinates of any point on It. 

Returning, however, to the case of two rectangular axes: if we 
suppose A to move along any curve AB, this will represent that tTuf 
substance passes from A to B through a perfectly definite series of 
condition*, the pressure and volume in each condition being represented 
by the co-onliuatos of the corresponding point on the curve Alt, In 
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general, the temperature corresponding to any 1 point will vAry from 
point to point, so that an order to effect lhe tawforaation indicated 
by the curve AB heat mast be supplied to P or taken from, tire body, m 
it paras from point to pjiril of the curve, in a manner which become* 
completely determined when the nature of the curve i* known. It 
may of coiina happen that the temperature of the subManee remains 
constant throughout the transformation, and in ibis case the curve AB 
as termed an isothermal line* and a transformation may also lie such 
that hefit is neither added to, nor takes* from, the subalance at any 
stage of the process, and in this case tlie tTVPftformEitSon is said to be 
tidiaikdie t and the curve is called an adiabatic line, 

G7. Graphic Representation ol Work, When a aul*utiee jui&scs 
from the condition A (Fig. 4) to the conditioD B its volume has in 
creased by an amount AB\ and, aw it has been under pressure (varying 
according to a definite Law) throughout the transformation, ic follows 
that wort has been done by the body tn expanding against this external 
pressure. This is termed the external work, and it is easy to show that 
it is represented by the area Alffi'A', inti tided Inrtween the curve AB, 
t he axte OX, and the ordinates A A and BB*. For ihia purpose let us 
take the case of a gql^tance, my a gas, enclosed within a cylinder 
which is dosed by a piston of area A. Lot p lie the pressure (per 
unit area) s and let us suppose this remains constant while the piston ts 
drawn out a distance i (which we can suppose as small ns we like). 
The whole pressure on the piston is pA and the work done is therefore 
pAz, hut is the change of volume, bo that if we denote it by rfr p 
the work done by the substance in expanding by an amount th will 
be pin Referring again to Fag. 4 f we *ee that if the substance pn*se* 
from M to ati adjacent point N\ (lie volume changes by an amount 
M S - di\ and that the external work pttr is consequently represented 
by the narrow strip of area MXN M - Hence the whole work done in 
puiing from A to B is represented by the area ABBA- -that k 

W - area ABB A _ /pfr. 

If (ho equation of the curve be given, p can he expressed as a 
function of r t and the integral expressing the area ABB A' may he 
evaluated. 

The externa! work done w hile a substance prases from any state A 
to any other state B depend’, therefore, not only on the positions of 
these points, blit also on the nature of the curve AB, along which the 
fcransfonnatioa lakes place. Hom e, if a substance bo caused to pass 
from A to B along Hie path AMU (Fig. 5), an amount of work 
represented by AMEFA' will In? done by the substunia while it 
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esrpLLMils, mnl if it be* caused to return from H to A along a different 
path UNAp hh amount of work represented by the area HX AA B' will 
be done on It by compression, so ihat throughout the whole operation, 
while the substance passes round the complete cycle A MBNA, a 

quantity of work represented 1>y 
the area of the cycle is done by 
the substance. If. on the other 
hand, the substance had pissed 
round the cycle in the opposite 
direction ANBMA, the work re¬ 
presented by the area of the cycle 
would have been clone on the 
substance, for in t his case I he expulsion takes place along ANB 
at the lower pressures and the compression is effected at the higher. 
We have tbna the general result that if a substance be made to 
paos through any complete cycle of operations, returning to its initial 
condition, so that the indicator diagram is a closed curve, the external 
work done is represented by the area of the cycle, and h done by, or 
on, the body according to the direction in w hich the cycle is described, 
jf the direction of motion opposite to that of the hands of a watch bo 
taken m positive, while the opposite i* considered negative, then when 
a cycle fe described in the positive direction a positive quantity of 
work, represented by the area of the cycle, i* done rm the substance ; 
but if it be described in the negative direction a negative quantity of 
work, represented by the same area, will have been done on the 
substance, negative work done on the substance being merely work 
done by it. 

The tirsi law of thermodynamics inform* us now ihsit when a 
substance passes through any closed cycle of transformations, and 
returns again to its initial state, the area of the cycle is the mechanical 
equivalent of the heat evolved or absorbed by the substance during 
the process. It is very important to notice, however, that when the 
cycle h not closed, so that the body has not returned to its Initial 
condition A* but is iu some other state Sk then the heat supplied to 
the body is not the equivalent of the external w ork done, but U uaod 
up partly in doing this work and partly in alloting rim thermal 
condition of the substance. When the cycle i^ completed the body has 
returned to its initial condition! and far this reason the external work 
i», in this cue, the equivalent of the heat supplied during the cycle* 
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Examples 

1. Show that thv isothenmd Jiite* for a perfeci gas an* a system of rectangular 
hyperiwde*- 

;Thc ccjiiali otk of any brnhcrmal will ha eoEat&Jil, Kind |]usia LhceqUatUifl flf 
u revtauguSut Lyjn+jbtde haring this risen of reference for a*ymfifcot*ft, J 

% Id the «w of n gnu [iron 1 tlutt the iw> thermal elasticity in c^nal to the praunre. 
{Tim rlwiioity of a jubsstiUL ? is the redijtfQCaJ nf im com f multd!! ty r and the 
I ait it i* Ihe change of volume, por unit volume, for unit Jnmaei of prtesnro-. 
I fence, if a T-ftlmim *' changes by an amount de for inereaAP of pTcisurt- tfj? per null 

j 4 | j 

area, the change ]h.t unit volume fnir unit mew** of proatire vpIII he - p ^ jt a0 lhai 
tin? duturfty wfll l* 

dt 


Thip quantity, and therefore iLo elastic!t_V **f * s libitum* in a given i* in- 

rh- Unite, nnlrbi we ijH-fufj the particular HfiHU)foroi*tiTO which it U auppwed to be 
nsdogolug. Xow fur the iMthetw! 1 change* of a gas pr^cunalent, therefore 

r+4 l ’ r =0 ' ar - T Jr= p ' ] 

g t Tf a tangent drawn to an indicator curve at any point l h Fig. U) meets the 
ajfii# of proiHinro ai L, and if M be the foot of Urn perpendicular from P on the same 
axis, show that the I'ltotieity of the substance at thi point P of Mi- 1 traaiforoutlnn 
is represented by E.M, 

d l * , + , 


(We have LM = MP Un U'M = r tan LPM 


W ' 


Since the intercept made by Urn asymptotes on any tangent to a hy per ha la is 
biieefced at the point of eouEaetj it follow* 
that LSI ” >10 in the of a gas during 
alt isothermal traiiHformation ; or the i*fi- 
thermal eln.stfolty of a gn* is «l«nl to the 
presouri*.) 

4, Prove that the adiabatic lima of a 
MlhfftailM, in which wmpressiOH WhOe* 
lnori'jiw of tempefa ttm? + arc uteeperthan the 
LM>thernial litR-S, 

(For a given value of <ff the irjcrca.** 
of prc&iurB dp will he greater foy She 
rijilifefc traiiHfarmAtEo-n than for the iro- 
thertnal, on arruunt of the iiwrcae* of t«lnper*tiLre t and therefore LM willbe greater0 

5, A-burning the adiabatic equation of 4 go* to lw 

prV-ftmfitant, 

prove that the adiabatic 1 Wiciiy i* 7 Fi hence that 7 Lit tin; mth of the adiabatic 
to c I liif ittrthrmml elorfkitj. 

w _ Mexn Kinetic Energy of a System of Mateiiil FnrttcleB in Stationary 
Motion, When the velocity of a point hnctuatei between certain litnitis while tin- 
i fi iut mdllftCfeG abint .1 rui>au inaitioli, the tnnticn ha ^i'l So ^ stationary. All 
periddle motioitl, snehas the vibration* of an elastic solid, ite or thin kind, ami inch 
aba is supposed to b- the molecular motion of a body which Ottnititote* itt heat- 

In Ail , r p;- wc . nndJcTi-il the behaviour *f a cy^tem of md«ul« &<s SlAnly 
Buttered that their tnutnak inllut-iLue might be neglected i we yhall now L-nu.'.ider tbo 
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tiuo in which lLl' inoliseulEs arc etase to oneb. oilbor, and within the aptnsna of each 
alW* atiriiL'ticHi- 

Lct the- tio-oriliDtttcfl or nny molecule 1 b* -r, and let tbo coni|tObrnt forces 
on U f^nsliel to these axes be X 3 Y a Z r Then 
IS Lit bv rl i Iftvrv nt Lih t Lem Wa find 

SM-$(40-(Sr«*£ 

Itnm 

*ksjw-*«- 


The mean valno of the left-hand member during any lima I will 1* 




The two term* involving tbn sign *4 integration ill tllia equation are the meal! 
valuer of the qutniiElot under this sign* d tiring tlie time /, For l^Hodic motions i 
may 1 m taken the periodic time, and in tbh ewe tbo first term of the right-h*EI*t 

member of the equation will vanish, for ^ will liava the same value at the begin- 

III ti g amt end of a coin plote l^riod. Wo b-hal I then have 

14 ioan Value of - - mean value of JxX* 


For irragdUr motions such a*< thasm hv latch oCcilt in gaseH and liquids we need 
Hinly snppcihf t large oamparad with tint time that a molecule nmve> alcndlly in the 
same dmiaiinn. Tin- tiirm within the square bracket will vary within eertaill limit*; 
an-L ia it i« divided by it follows that win m f ss large lid* term become* negligible. 
The tMiukti reasoning applies to the motion* pfrnllcl to the aXcre of p and ^ ay that 
we have 

m miii or **«■[(£)' - ( J)' ; * (;J; f]= - m**n of *^X +i ,V + :i!} p 

or 

menu of 4-. M V 2 ] = mean of 1 X{j*X -f y V -I- “J £)* 

Thi* mean value ban taeti termed by Cltinnins the rmaf of tiki- system, and Lhi* 
theorem may thorrfwrkj U L dtuLcd In clu: form “thcmi'ali k ill Flic energy of tbe system 
h equal to Us virLal." 

Coil. 1, Ef the force between two pirtirle-% Iw #■>) n function of tbn dbUll^ L r 
between tb^fflr then if a. y+ : and rf\ r/ t U- th^ Cfrordinales of th- particles we 
b*ve for une 

x - *rf “ r. Y = / = tfrf- /- , 


«itfL equnl and opjtfalte Values of X> Y, and 7, for tho other, sberefore 
Xj-- X'/.Xy-r>ftf ,J ''; r,ii t 

with oorrei ponding cxproaMoiu fur the other two cn^ordinste^ ^ ih&t 

J3txX + yY+J:Z) = Pr^^b 


1 ClanainH, Augiut t *70. 
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OH, SL In till 8 - I‘.wir of ft Ljift enrfcM*! in a vessel A uniform normal external 
pretaurc p exbt* oil over the aurfaca of the asel the tow! oflbU will t* 

-Sr 

where e U the volume of Ih^ goa. 

Hence in thin easr w i i have 

ConstnjLinitly if the luokcot&f are out of the aphesm of each oihir h atlrw;K£an t tin At 

il F if £i,/! -0, | ho product of ills prfiBsnn and volume will be e^Ual to twy-thirdiof 
the tinaii kinetic euerjty of the molecules ; bill if the hinkcliEe-ft Art within the 
ftpb&rt dT t*ch other* attraction, lh« tlTi'Ct i* tn diminish the |imlUPt pv by no 
umount i -junl |t> tW'O-thuda of the vim! of the inti rnidemilftr forces. Hence* when 
n «,ms is eoriltHTOML^l it is oaKtalpated lliftt the product pr will vary iind m% remain 
oonatant at oonaUnt temperature, The ex|«-rtmenul investigation* on this point 
will h* conaiderod later mi (see An. 2VA], 
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LIQUID TH£BH0M£TXR5 

69. Discontinuous Thermoseopes.—A ihornioscope is An instru¬ 
ment for indicating relative temperature*, and its indications may be 
either continuous or discontinuous according to the property of matter 
employed. In continuous thurmoscopcs a property of matter which 
varies continuously is made w»e of, such as change of volume with 
lieut, and the indications of discontinuous ihermoscopes depend on the 
employment of some abrupt change of state, such ns fusion* Any 
substance acts sis a thermoscope, solids for a single temperature and 
liquids for two temperatures. Thus a piece of paraffin wax immersed 
in a hath will indicate whether the temperature of the bath is above 
or below the temperature of fusion of the wax, and by this means we 
could separate a series of given temperatures into two sets, those 
higher than the met ling point of she wax and those lower. In the 
same way a piece of butter will tell us whether the temperature of a 
room i* higher or lower than the melting point of blitter, A Itqtiiil 
gives us more information; it tell* ns whet-hern temperature is higher 
or lower than either i\m boiling point or the freezing point of the 
liquid. The water in a basin not only tells ns that the temperature 
of the room is higher than ihe freezing point of water, but also that 
it i* lower than she temperature of boiling. It thus places the 
temperature of die room between two others which are definite and 
recoverable. 

ff an instrument merely indicates whether the temperature of a 
body to which it is applied i* higher or lower than a single definite 
temjHiratura, it \s colled a single intrinsic thermoacope, because its 
indication depends upon some intrinsic quality of the instrument. 

M 
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Tho paraffin wax referred to i$ u * ingle intrinsic ihemoscOpe, the 
single temperature being its molting point, and the intrinsic quality 
the property of molting always nt this dehnito temjioraturc, 

A multiple discontinuous* intrinsic the ram scope shows several 
definite icmt>erature* f or indicates whether the temperature of nnv 
hodv to which it is applied ties between any pair of these temperatures. 
Such an instrument limy be constructed by preparing a system of 
metallic alloys or other substaiu.es arranged and numbered in the 
order of thrir melting points, and a multiple intrinsic thermoseope W 
been constructed on this plan in a form convenient for use by Mr, 
J. J. Golemau 1 It consists of a set of paraffin* which melt at definite 
temperatures between i0~ mid 100 F., and mixtures of glycerine- 
and water which freeze at temperatures from 30 to - 33 F, By 
multiplying the number of substances in such an instrument the 
consecutive definite temperatures which it indicates may tie made to 
approach each oilier closer and closer. Ideally the system may bo 
made nearly continuous by malting a system of alloys with hue 
enough gradation of composition, but the method is essentially 
discontinuous. 

70. Continuous Thermoscopes and Thermometers. —A thermo- 
scope becomes continuous in its indications when the property of 
matter employed varies continuously with temperature. 11 hen such an 
instrument in properly graduated according to some arranged scale, it 
not only indicates whether the temperature of a body to which ii is 
applied is higher or lon er than some definite temperature, but it also 
informs ns how much it is higher or lower, according to (ho chosen 

1 .1. J. Coleman, Vtte. /W. Sot. w/aw- 1*8!. veb «v p. *4. 

■1 Glvnnriiin will'll pure crystallises a little *> ,,|1[ w h ( ’ n mind with a 

littlii water it* fmvnjt point is about H> below mmo, atnl dm solidification h,-ra 

i* iii' * crystalline but «r a tmlteiy nature. By varying th* quantity of water 
the fm'Citlg poLiU may be varied at jiten-suic, 

A dbantutiauuo* intrinsic tbemiowope For the measurement of high temperatures 
ii ah ,.rum.-.d bv Prinwp • Phil- 7>« V- tla fomred n scries of definite 
]■,■ trriil Age alloy* of silver and goWi, and of platinum *tid gold. 'IW alloy* -are r. 
scries .>r ift jr.-il tempemtirwi between the mdtLpg points of silt** and gold ami offlohl 
,n,i| ■■hlinnin. Ah observation is tajted by exposing in a small cupel a set of smalt 
il.iti.'in 'i speeimowertbcaltoya, nut necessarily larger than piq.hc«ls, and noticing 
wliieb «f them arc fused. The lempoiauito of fusion of these alley* have been 
determined bv Erhard ami Shertcl by a por«tiiin-»ir-theriiM.mi'ii-r {Jahrb. far fiat 

Bm-Mt-lUktn- .t, 1*79)- An objection lias been talked to 1‘rinarps 

it] tors <m she ground of silver taking Up oxygen at high tm pent ore* •»! ejecting it 
n-Aia Oh ending, which Vendors it mail* table to n-f the wWr specimen twice. 

' A n j m il sr method bin been employed bv GwmUey ami Calleton William* 
lC V,„ S«. Jo.truai, V-iTH. 1*77. 1*7*.. ill which metallic salt* with high fusing 
(H.iwU a'-re tt-cd instead ol alloys. Tbs Fusing point* were initially determined by 
calorimetric niethw!. 
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Mile. In this case the instrument became* not merely an indicator, 
but also a measurer of temperatures, and is termed a thermometer. 
In selecting n system of thermometry, any physical property of matter 
which varies continuously with hunting might lw chosen. Wo have 
already described how temperature may lie defined and measured by 
the apparent volume of mercury enclosed in t\ glass vessel (p + 15)* If 
this he taken as our standard instrument, then all other thermometers 
must be graduated by comparison with it, so that when placed in the 
same uniformly heated bath they may all agree in their indications. 
We dial I thus have il uniform system of measurement, and experiments 
conducted Til any place may be repeated at any other* 

Tlie main object to be secured in thermometry is that all thermo¬ 
meters shall he strictly coin parable, and since liquid thermometer are 
easily portable the simplest means, of obtaining this object is by eonv 
StmcLird- paring all thermometers, directly or indirectly, with some standard 
mw- instrument. Alt thermometers would then In* copies of the sarno 
original, and would agree perfectly in their indications This being 
arranged* thermometers may be constructed of other liquids than 
mercury* or by measuring, not the increa^o of volume, hut the increase 
in length of a bar, or [lie increase in pressure of a gas kept at constant 
volume, or the change in elflclncftl resistance of a wire, or change in 
pressure of the saturated vajiour of a liquid, or change in stupe of a 
spiral composed of etrijis of different metals, or change in the^hapeof 
a single elastic solid subject to stated stress* 

The condition i 111 plied in all casus is that the thermometers shall 
all be graduated according to the *aine stantlcird, am] ihat the property 
of mutter made use of shall always give the same indii-atiun whers the 
remi^rature is brough t again and again to the *ame value. It i* npmi 
thi* hist [property that the accuracy of a thermometer ilepeutls. The 
constitution of I he material of which the instrument i* constructed 
must lie permanent, so that the property made use of in measuring 
temperatures is always ihe same at the same temperature* 

Stnsii.Lliiy r The fusibility or delicacy of the instrument depends only upon 
the roeognisabillfcy of changes in the indicating property with very 
small changes of temperature. A thermometer may be delicate in two 
ways—; 1) w'hen it detects very small changes of teni]«mture, ami (2) 
when it rapidly assumes ihe temperature of any body with which it 
b placed in contact, The delicacy of a iherinometer is consequently 
to some extern similar to that of a balance, one of the eircnmsinnces 
determining it working in opposition to (he other. Thu*, in order to 
secure ihu first condition the bulb should lie large and the bore 
narrow ; but in order to secure the second the bulb should be small. 
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\m ve * large surface, and be filled with n liquid which will mpklly take 
up the temperature of the medium in ivhtch if is immersed, that is, of 
high conductivity. If the bulb h large the weight of the contained 
liquid produces strain effect* which nmy seriously affect the accuracy : 
and if the initial temperature of the thermometer differs from that of 
the laxly with which it is placed; in contact, the final indication of the 
instrument will not be the initial temperature of the body* but will be 
intermediate between that of the laxly and die initial temperature of 
the thermometer, for the body will become cooled in wanning the 
thermometer. This final reading will differ from the original tempera¬ 
ture of the body more and more the greater the heat capacity of the 
thermometer, the less that of the body, and the greater their initial 
difference of tempera turn. In the construction of a thermometer, them 
the nature of the work for which it is intended must lie taken into 
account. A thermometer which U beat adapted for one claims of work 
may be quite unsuited for another. 

7L Construction of a Liquid-in-glass Thermometer.—We shall 
now briefly describe the contraction of a liquidtmgln-S thermometer, 
such m the ordinary mercury thermometer, Such a description, 
besides being important in itself, affords an excellent example of the 
method by which the scientific investigation of such a phenomenon as 
temperature must be proceeded with. In uinking a thermometer a 
Lube poasesaitig a uniform capillary bore is Pi j (cL‘ted, and a bulb 
of suitable size is blown (or fused) on mie end, the other end being 
left o]ien. It Is important that the bore of the tube should be as 
uniform as ]H.»sr? lIjIc, and this should bo ascertained beforehand by 
sliding a short thread of mercury through the tube, and observing its 
length in different parts. If this length is approximately the same 
at all parts of the tub* the bore is fairly uniform, and the tube nuty 
be employed. Slight want of uniformity can be corrected for after- 
wards, as will be explained subsequently. The tube and bulb should 
now 1 x 3 well cleaned* and all organic matter removed from iu inside 
surface by means of boiling nitric acid. 

SuTiie the best thermometer tubes are furnidled with a \*onr 
shaped reservoir or funnel at the open end, to facilitate the process of 
filling. If such a reservoir be not already attached, the end of the 
tube may he simply bent round, so that it may be dipped with 
facility under the surface of some mercury or other liquid with which 
it k desired to fill the instrument. 

In order to introduce the liquid, the empty bulb is heated over a 
lamp, and the air within expands and k partly cX]iftllefL The open 
end of the stein is imunsdktdy dipped under the surface of ihe liquid, 
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and kept (here while the bulb and the enclosed air cool During this 
process I he pressure of the air within diminishes and some of the 
liquid is forced through the stem into the bulb by the pressure of the 
atmosphere outside. By this means the bulb is partially hi led To 
complete the process the liquid thus introduced is boiled till all the 
' air is expelled, arid the instrument contains only the liquid and its 
vapour. If the open end be dipped into a cup of the liquid while the 
boiling is still in operation, and if the instrument be allowed to eool r 
ihe vapour will condense, m that the bulb ami stem will become 
completely filled with the liquid. 

The process of filling a thermometer is it matter of some difficulty 
to a beginner, ab it h by nu moans easy to ensure that all the air has 
been expelled. Minute bubbles are nearly always found remaining* 
which adhere with ihr greatest pertinacity to the sides of the glass 
and resist expulsion. Caution must also be exercised in the process 
of boiling the liquid, especially in the cjisc of mercury, which has a 
high boiling point, and if heated over a lamp the bulb may fuee anil 
lead to <3leister. To avoid this a special heating apparatus may be 
used, by means of which the bulb and stem may be gradually heated 
throughout its entire length lo the boiling point of the liquid. 

When the bulb and stem are hi led the instrument is raised to the 
highest temperature that it is intended to measure, ami in thb state 
the end of the tube is hermetically sealed. In order In avoid bursting 
when the thermometer i> inadvertently subjected to temperatures 
higher than the highest that it ls intended to register, the upper end 
of the bore to, in the best inst rumen is, widened out into a small 
reservoir into which the mercury may expand. This reservoir is 
important,, ab it not only prevents the danger of bursting, but can be 
used to contain some of the mercury separated from the bulb in the 
process of calibrating, as well ns in the separation of mini]to air 
bubble* if any exist in the bulb. Besides, by placing some of the 
menmry in it the same |iart of the scale can he tuod, if de-dred, at a 
high and also at a low temperature. 

If now the size of the bulb and the length of the stem have been 
properly ad j tie ted, the bulb and a small jwirt of the stem will be filled 
with liquid at the lowest temperature which the instrument is intended 
to register. In this case the fixed points may ins determined and the 
process of graduation proceeded with. 

72 Determination of the Fixed Points —In order to furnish a 
thermometer with a scale, two points are first marked on the stem 
which correspond to two defi Elite temperatures. The tempe rat urea 
generally chosen for this purpose are those originally suggested by 
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Hooke, 1 and adopted by Newton, namely* the melting point of ice and 
the boiling point of water. The temperature of boiling water iiot 
now employed, but * rather the temperature of the vapour of water 
boiling under the pressure of one standard atmosphere. This prelum 
is that exerted at the freezing point: by a column of rnercnry 7 60 mrn r 
high in the latitude of Paris, which is equivalent to a column of 
29 l DG 5 inches in the latitude of Loudon, The temperature of the 
*tearu is chosen, because it in found that the temperature of boiling 
water depends to some extent on iho presence of impurities and tho 
nature of the vessel in which it if boiled, whereas the temperature of 
the steam depends only on the pressure, the former point having 
been established by Gay-Lussac and the Utter by Eudberg. 

The Frying Point.— The frwriug point, as the lower fised point is 
called, in determined by placing the thermometer in a ve**e1 contain¬ 
ing broken ice, from which water is dripping, 
so that the bulb and stem, so far as it h (Mod 
with mercury, are surrounded with ice, and 
the top of the mercurial column is just visible. 

The ve^el (Fig* 7) is uensdly shown with a per 
forated bottom, so that as the ice melts the 
water drips a way, and the thermometer is stir- 
rounded with ice at the melting point. After 
atanding for some time the level of the mercury 
become stationary, and a mark h carefully 
traced on the glass at this point. 

The advantage gained by allowing the 
water to drain away its the ice melts is not 
obvious. As long as there h plenty of ice 
present the temperature of iho water will 
remain stationary, and the pressure on the bulb of the thermometer 
will be more uniform than when the water is allowed to drain off. 
In the hater ewe angular fragments of ice will be sometimes pressed 
with their sharp edges against the bulb, and this may cause distortion 
and consequent displacements of the zero point. 

Another question which presents itself is—does the temperature 
of melting ice depend on whether the ice tins been formed from 
ordinary or distilled waiter T Both these points have I wen examined 
by Mr. F. D. Brown, 3 and his conclusions, after a series of observations 
on different kinds of iee, and mixtures of ice and water, were tluit a 
const nut temperature is more rapidly and certainly obtained with a 

1 Htrfikr, mi : *ra Birch's HUitry ufShc Hoyat Shifty, voX iv. 

3 K. IX brown, Phil. Mf*$ t , 7qL *h\ ISSt 
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mixture of ice and water than with ice alone, that the temperature 
thus obtained i* really that of melting 1 ice, and that it L* preferable to 
wash and mix the ice with distilled water, as ordftmry water lowered 

the temperature to a slight 
extent. The quantity of water 
mixed with Hie iec should he 
just sufficient In fill tip the 
spares between the fragments. 

Hotthiff Point *—The boiling 
point is determined, as a]randy 
stated, by placing the thermo- 
meter in the steam - of boiling 
water, Ihe pressure being one 
standard atmosphere* The 
thermometer U so far plunged 
into the steam that the surface 
of the mercury is just visible* 
as shown in Fig, 8. When t he 
level of the mercury becomes 
stationary, a mark is made 
on the stem at its surface,, 
and this h the boiling point. 
The pressure corresponding to 
a standard atmosphere is hi this 
country taken to be that of the 
atmosphere when the barometer 
stands at 29'90b inches at the 
aeftdovel in the latitude of Lon¬ 
don. the temperature being that, of the freezing point* In unler .to 
know- the pressure of the steam in which the thermometer is placed 



1 Till a, however, wjIU1c|m! F hJ on wlmi it meant by ill* h-uijwralitff mtUing f&- + 
7 lik Ha? Ap^mritus u&frd for di’ti-rtniulhtf the boiling poEut tike vapour innuk I* 
usually sud tmnemuiy repTm*em«l by akmdt* and this pcrlmpH kitei> the idcaebra- 
liiftiaty |irrvali;nl anion*; Utfllihtr* tint ritoam i» visible like a cloud. This radslcita 
l^olahly hum?* from C.lie a[ipltr*tiou of ihs wool in ^rdirmry tanging*. Thu* ftohU 
K^np in bii Afrdtttmoil PkiJotsyby, voL ii. y. 1 H rftGne* bte&m 4* tlia visible tiiofot 
vajHiiiT which frans all Inches iriikh contain jnfan emlly ox jelled by heal, T # + 

It i> diatia^edfhed from smoko by its not having been [irndlicc-J by u&nibttif £bb p by 
WOE containing any sooi, a uA by its Itdii** eondemlbk by cold into water, oil in- 
Haiti mabi* spirits, w Ji<|uidM ^tMiwflcd yf thrift* + * * Tbo vitiiblKty of the itmit^r 
which constitutes the si earn it nn nocidoiUal or extraneous c iron m*ttUi£v, and requirr- 
th** Adl&ijrtWw with air, yet this <]u.4ity Again ItfaVM it when malted with air by 
ftolution.' 1 What we now trriu steam ur ¥a|*lir 1* os Invisible soUjtjlice, but 
when thi* condemn into small globulin it bvoom^ viribk *nd is they cubed otoud, 
or mill. 
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during the dstvirniiiaiinn of the boiling poitil-, a gauge is attached. 
Tbi,s tioiud&tg dimply of a hem glass tube, open in the atmosphere at 
one end, ami containing a little water. The difference of level til 
(lie writer in the two anus gives the difference of pressure bet ween the 
steam inside and the atmosphere outside the apparatus. If she escape 
orifke h large enough this difference will be scarcely sensible. 

"When the bulling point is marked the barometer will probably not 
be at the standard height, m that the mark made on the stem uniat 
not he regain Jed. aa the standard boiling point, atirt a eorrcsjKjndiug 
correction must be Made hi graduating it. This correction will he 
found from tables of vapour tensions. 

73, Graduation of the Thermomeier*—The freezing and the 
hoi Sing ] whits having been marked* the inter v r al between thorn may be 
divided into any desired number of equal parts. Each of these parts 
ia called a degree, and hence- we sgx'iik of a tainperatufe being so many 
degrees above or below the freezing point Three systems- of division 
have been proposed, which are ni present in general use, Mn- centi 
grade scale was introduced by Celsius, 3 ansi is generally used in trance 
mid in all scientific work, In this scale the freezing point marked 
0 | and is called zero, and the boiling point k marked 100 r ibe 
interval between being divided into |G0 equal parts. 

The scale generally used by linglish-speaking people i* that intro¬ 
duced by Fahrenheit,,- of Pantzig, a I Hint 1714, In this scale the 
boiling point is marked 212" mid the freezing point. is marked 32 , 
the graduation extending above and below thti lixnl points, A point 
32 below the freezing point is marked 0 , ami i* caller I zero. Thi* 
point corresponded to the lowest known iuni|»crnturc in the time uf 

1 Froftw^ir uf Astrououiy in e Lk- University df UjisiU. 

a Tlif tidW Advanced in Explanation of thfl mode of division *>f lh» RthrMifecit 
real ti is that the interval in tween i hr freeing and the foiling point was 

divided into UO point* likfl a ecnitafrel*. if thn virw hu no foundation, it ie 
certainly a Wup oaiiuidsitn tlmt lUs-T* afanahl 1* OH this scale exactly Iffl 
between what nr* new tnltrd m the two \\s*d points. 

Profwiaor A. Gain-gee /Vw, Cftmk Phil. Sur, a HW vql viU pL Hi. [k P5) Wale* 
tb.ii t tiiii v in iv is invert held* EncoTfect, Ib-n-t Fahrenheit hail settled tlie tAsia of 
biftW’uli' *pd Htiutrw'fcid n Ik®** namU-T uf tbarmolncteti taany 3*™ kfifel* th* 

diflcmcry tw Anmniotn that water hmh #1 a OMlteUnt tcmper&tUM under <:onst4»i 

pressure, the thermometers lirst roustrucU’.l hf Fahrenheit wun- scal' d aMiol-in- 
thermometer* provided with a We. Th* lower fixed oF the ^»l* 

determined by a mix I arc of mnw and salt, end the uppor by placing the therms 
mater under the armpit, nr Itifflde the mouth, -*f a Wealthy man. If th* rarty 
thutmntneteri the interval Wtwcaa the** two Fixed vil dividwi into^l e-jmil 

parts, and later on into i 21 — !N3. It was unb&equcntly fuund tlmt the &2ud degree 
eotfcspondftfl tu thfl hiDltlUg point ipf i^, and the 212lU the huiUng point nt 
water. Tho of FahmihciFe sctiSr wai th^n simply dued^imal dliisioa. 
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Fahrenheit, namely, that of u mixture of mow and *nlt. The only 
arguments in favour of tins scale are its early introduction and the 
fact that it is actually used by so many of our countrymen. A 
remarkable fjicfc, however, h that mercury expands almost exactly 
i uhnr '** volume at 14^ F. for every degree Fahrenheit, so that 
Young 1 defined the degree Fahrenheit as rarre^Dding to an expan¬ 
sion of mercury equal to -j f , (J part of its bulk 

The third thennometric scale u that of E&umnir. In this scale 
the freezing point is marked 0 and the boiling point 80\ the interval 
being divided into 80 equal parts. This scale is very generally used 
in Germany for domestic purposes, but possesses no special advantages 

The relation between the readings of thermometers graduated 
according to these three methods is easily found, for 1Q0 divisions 
of I he centigrade scale are equal to -12 - 32 - 180 division* of the 
Fahrenheit and also equal to 80 of the Reaumur scale. Hence if C, 
F, It denote the readings of the three thermometers for the same 
temperature, we have 

G _ F - SB _ R 
I(H> ISO W 
or 

C = §(¥ -M2).- |H. 

From these equations, when the temperature i» given by one scale, 
the corresponding number expressing the Lem porat tire on either of 
the others can I nr easily found. 2 

In the best modern thermometers the >cak is marked on the glass 
stem of the instrument itself, but in most ordinary thermometers the 
graduations are made on a piece of wood, or ivory, or porcelain, to 
which the thermometer is eecarely attached. Some of the best oidinarv 
thermometer* (German bath thermometers) have the scab marked on 
a slip of paper which h enclosed in & glass lube hermetically sealed 
round the stem of the thermometer, and in this form the graduation 
is clearer and more easily raid than in any other. The paper scale is 
completely protected from damp and damage by the sealed glass tube 
which encloses It. The lightness of the paper renders its attachment 
to the si cm, by gum or otherwise, secure and trustworthy* and if the 
thermometer be never exposed te a temperature high enough to brown 
or injure the paper, it is cheaper and better than any other form of 
scale. The graduation on the glass of the stem itself is + however, 

1 Vuuug, Letlurtz n» X\tt, / r Ai7. 4is£ h 

2 The «*l* calk'd After prujarad by I> L m {IteMrc&e* tur 

! atmArphctr-f tam. iL pp. 2i4-26iJ’u The trui 1 Kilo by K^imtmr markd 

SO At the l>oiut rtf nk-nW, add i^iiM-jln-nttY the hoObig |X 3 int of water on 

it dUTfernl liltte fmm 100", It thus differed little from tbr Mtlgmfc ^atsr. 
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superior to alt others, except in resjject to the esse of reading the 
di via tgns, 

1 , 011 * front tubes are used for delicate thermometers of fine bore., 

Thu stem itself thins plays the part of a magnifying glass* and enlarges 
the bore about fifteen times. 

74- On the Choice of a ThermometriO Substance.—In respect to 
general convenience for a large variety of purposes, liquid in gla^ 
thermometers arc with good reason preferred to all others hnt the 
reason for the general preference for mercury or spirits of wine we 
the thermometric substance is not m obvious, r lhe indications of a 
liquid thermometer depend both on the expansion of the liquid and 
on that of the glass envelope which contains it. If the glu^s arid the 
liquid expand equally with rise of temperature, the apparent volume 
of the liquid in glass will remain constant, Since tins indication,* of 
the instrument depend only on the difference of the expansion* of the 
liquid and the glass, the greater the $gfwrsiod of the liquid the mure 
sensitive the thermometer, and for a given liquid the length id a degree 
on the stem will ho greater the larger the bulb and the smaller the 
bore of the tube. The high specific gravity of mercury limits the 
size of the bulb* for besides increasing the liability to breaks the 
weight of the mercury strains the bulb and tends tu give distorted 
readings, especially at high temperatures, turthor irregularity is 
also int roil need by the variations in the ^hajM) of the men incus in the 
capillary tube. Besides the large value of the surface tension of Surf** 
mercuiy t the angle of contact varies from about 45 when the mercury 
is rising to 90“ when it is falling. For this reason the interim! 
pressure on the bulb is greater when the temperature h rifling than 
when the temperature is falling, and a consequent variation in the 
volume of the bulb occurs which produces mi irregularity in the indi 
cations of the instrument- On this account the mercury rise* by 
jerks and not continuously when 1 the temperature is increasing, and 
falls in the same discontinuous manner when the temperature i* 
falling. This jerky motion of the mercury is very noticeable in 
delicate thermometers, and in some instrument* is more so than in 
others. This Joule believed to be due largely to the slight oxidation 
of the mercury before sealing 

Liquids which wet the glass have a great superiority over mercury 
in their much smaller surface tension and in their practically constant 
angle of contact (ISO*), The variations of internal pressure are thus 
much less when the liquid is rising or falling and the motion hi the 
tube Is continuous. The large expan sion of such liquids as alcohol, 
other, ehlarofonu, etc. r gives the instrument In addition a great 
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sensibility, and they possess a further advantage over mercury in 
their much sandier sj>eeific gravity, so that larger bulbs may be used 
with consequent greater sensibility, ami less liability to break or 
produce disturl>tfd readings through distortion of the bulb by the 
weight of the liquid. 

One objection bo alcohol and other volatile liquids h their liability 
to cliBt-il into the bead reservoir of the stem if this part of the instru¬ 
ment, is colder than the bulb. On this account the *iem of a spirit 
thermometer should be at least ns warm as the apace in which the 
bulb Is situated, 

A serious object ion to liquids of high expansibility is the difficulty 
of allowing for the expansion of the liquid in the stem if it be not at 
the same temperature ns that in the bulL The error arising from 
this cause wilh under the same conditions, be proportional to the 
expansibility of the liquid, hut- in every case ici which the bulb and 
stem can be kept he the i&nie temperature, a therEUDmeter construeled. 
with a highly expansive and light liquid, such m alcohol or ether, or 
other organic liquid of ftermancni chemical constitution, should be 
more accurate and sensitive than one tilled wirh mercury. The low 
boiling point* of thebe liquids render them unhi for the construction 
of thermometers which arc to be used at high temperatures, hut ior 
low tamperaturesi they make very valuable instruments. A sulphuric 
ether thermometer was employed by Lord Kelvin hi bis experiments 
on the Lowering of the freezing point of water by pressure, and 
thermometers filled with other or chloroform (which expands 4 per 
cent mute than ether) were used by Joule and Thomson in their 
experiments oil i he change of temperature of bodies moving in air. 
In one of these thermometers there were as many as 330 scale 
divisions to I €■ 

Another objection frequently urged against spirit thermometers, is 
that when the temperature h rapidly falling a thin film of the liquid 
lags behind adhering to the sides of the tube, so that before the 
stationary temperature can by correctly read it is necessary to wait 
some time to allow the Li quid to trickle down and join the main 
column. Adaptability to the measurement of rapidly-varying torn, 
peratnres would thus seem to he wanting. With mobile liquids, such 
as alcohol and ether, there will, however* be practically no tElite lost 
on this account, and when proper cure is exercised by the observer no 
inaccuracy will be incurred. 1 When the temperature has been rapid I v 
falling, and has nearly reached its lowest point, a false balance must 
he guarded against, which arises from the descent of the liquid surface 

1 Sir Wm Thfllnwfij .VcrM. n mi ilfipdf, vol. in. p HJ, 
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doe to fall of temperature being counterbalanced by the rise caused 
by the liquid trickling down from the sides of the tube. This may 
give a false steadiness when the free surface has needy reached the 
true position for the final temperature. 1 

The great convenience of the mercury thermometer is its freedom 
from distillation mid the smallness of the error arising from any 
difference between tin? temperature of the bulb and that of the stem. 

It is further well suited to the measurement of ordinary temperatures* 
the boiling point of mercuiy being 350 C> and its freezing |nunl 
40 C. below the freezing point of water, 

[Messrs, Baly and Cborley - have devised a high temperature ther¬ 
mometer in which an alloy of potassium and sodium \$ substituted for 
mercury, this alloy ia liquid between -8“ G, and about TOO 15 C., so 
that bet ween these limits the liquid is particularly suitable for thermo 
metric use. In order not to iuco live nio mly lengthen the thcroiomelei 
the graduations are caused to commence at 500 C. The space above 
tlie alloy is, tilted with pure nitrogen at such a pressure that when the 
glass Ivegins to glow, and therefore soften, the interior pressure ahull 
be equal to the atmospheric, ami thus any tendency to alteration of 
volume in avoided,] 

75„ Oversowing Thermometers. I n ordinary 1 iqu id in-glass thcr- 

mometera the expansion is noted by the rim* of the liquid in a tube 
divided into parts of equal or known capacities. The ssaim: result may 
lie also attained by allowing the liquid to overflow, arid 
determining the volume of the overflow by weighing. This 
is the method practised in what is known as the wwight thn- 
immfatt and the difficulties attending the calibration and 
change of zero of the ordinary thermometer are thm avoided. 

This Instrument consist-s of a glass bulb capable of containing 
about 200 grammes of mercury, which is furnished with a 
short capillary tube, and filled at zero in the ordinary 
way and weighed. Lei W* be ihe weight of mercury which 
fills the instrument at the freezing point* re the weight which 
overflows at any temperature & Then 10 is the apparent expansion 
of a weight W w of mercury in rising from 0 to j consequently 
if a denotes the apparent expansion of mercury in glass, we have 

or 

ic 

— {W - vy$ 

1 For UiS graJuitiou mf qarii E h tinman etc cm ^ a ncrte hy XL A. Angot. ./"wru-pJ ■ 

rU /'/j i/pryuf. ISfll. 
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To determine n it ft only necftsaary to make an experiment at 100 i \ r 
which gives 

_ _»Pj w 

*“nx>(w~ itkb)' 

This coefficient varies with the nature of the glass, and it k therefore 
necessary to determine it directly for each instrument (see also p + ]&5), 
76. Maximum and Minimum Thermometers. —-Thermometers for 
registering the highest or lowest temperature attained during any 
interval may bo devised in several ways. Thus tile weight ther¬ 
mometer may be arranged as a maximum thermometer, for if the 
mercury as it overflows is allowed 10 drop into a cup, the quantity 
expelled in any time gives the highest temperature reachud by the 
instrument during that juried. This/tn fact, is the principle of 
Waif erd in's maximum thermometer* 

The ordinary mercury thermometer will, however, serve as a 
maximum thermometer if a small iron index is placed in the tube so us 

a 

^ — =? 


m 

to move before the surface of the mercury. As the mercury expand* 
the index is pushed before it in the stem, and when the temperature 
falls the index u left behind. The position of the index at any time 
thus gives the highest temperature that has been attained since the 
instrument was lost set* This i* the principle used in Rutherford a 
maximum and minimum thermometers (Fig, 10)* The two ther¬ 
mometers are attached to n frame with their stems directed horizon¬ 
tally. One of these thermometers registers the maximum temperature, 
and the other the minimum. The former is an ordinary mercury 
thermometer furnished with a light steel index w hich is movable in 
the stem, and can l>o brought u> the surface of the mercury by means 
of a magnet when it is desired to eet the i list runic eh. The reading 
of that end of the index which it next the surface of the mercury at 
any other time gives the maximum temperature attained since the 
instrument wm Wt set. The minimum temperature is regi-tered by 
the other thermometer. This h a spirit thermometer, and is furnished 
with a light dumb-bell-shaped enamel or glass index, which is gener¬ 
ally coloured. When the spirit expands it Horn past the index with 
out displacing it, but when the temperature falls, and the surface of 
the spirit reaches the index, the latter in retainer! by the capillary 
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action of the surfnue And b carried back in ii* graap* As the surface 
recedes, the end of ihe index, which h directed away from the bulb, 
murks the temperature, and at. any other time this end of the index 
marks the Saw eat. temperature attained* The index is brought back 
hy inclining the thermometer. Thus in each thermometer that end 
of the index which is directed towards the 
surface of the liquid marks the highest or 
lowest temperature attained. 

Six's self-registering thermometer i* one of 
the oldest of this duss of instrument^ and acta 
both as a maximum and minimum thermo¬ 
meter, It h shown in Fig, I I, and consist* of 
one continuous tube, the two ends of which 
contain alcohol % (os 1 creosote), and the inter¬ 
mediate space is tilled with mercury* The 
large cylindrical bulb A is abo filled with 
akohch The part BC contains mercury, and 
above C there Ea some more alcohol, which also 
partly fills the bulb D t souse spec being loft 
for expansion* Thus both extremities of the 
mercurial column are in contact with alcohol, 
and situated in the alcohol above the mercury, 
in each nmi + is a light steel index which is held 
in its place by a delicate spring, just strong 
enough to prevent clipping down the tube. 

When the alcohol expands in ihe bulb A the 
mercury rises in the left arm, and pushes the 
index before it, leaving the index in the right 
arm behind in the alcohol; and when the temperature falls the 
liquid contracts, and the mercury rises in the right arm. pushing tint 
index in thh arm before it and leaving the other behind. Thus the 
index in the left arm gives the maximum, and that in the right gives 
the minimum, temperature. 

In the maximum thermometer of Negrotti and Zamhra there is an 
obstruction in the tube close to the bulb, so that the bore is nearly 
choked at this point. As a con sequence, the mercury expanding in 
the bulb forces its way past the obstruction into the stem above ; 
but, on the other hand, when the temperature falls, the thread of 

] Alcubol B.tH’f *0X00 time flvah-fs small bubblts of jpu* which give tittnbk. 
Stolpburie rund wuuld probably scita loiter, H^rr voa Lupin frf Munich tvcoruuioinis 
dilute billftliiark avl L nrid n JwliUlOll of 30 nr l, r - pur cunt of Bliliydraua o]tliihi 
cblond a iu npiiit as liquid m true fmaii dUUUatlcn error*! nad poweMim-j rvguUt 
cxpftmlan iXMuu, l§£tO, p- 'JOtS, d 29tb .lujje)* 
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mercury Imyond the ot»|ruction in the stem foils to make it* ivjiv back 
a^iin into the bulb. This isolated thread furnishes ihe mains of 
determining the high eat temperature reached by the instrument since 
it was last set, for when one end of the thread is pW c d against the 
obstruction, the other end gives the maximum icmperntiire—correc¬ 
tion being applied for the expansion of the thread if 
extreme accuracy bo desired. In setting this ther¬ 
mometer, the thread of mercury in the stem is shaken 
|Hwt the obstruction till it joins the main mass in the 
bulb, and the instrument is now ready for another 
observation. 

Tin* same principle is adopted in the clinical 
thermometers now generally used. These instruments 
(lag. 12), being employed to register only a very 
limited range of temperature, are furnished with a 
very open scale graduated from 95 to ]|.T F„ so 
sis to include the variations of temperature to which 
the sick are subject. In order that the scale may be 
open, the bore of flic tube is made very hue and 
the reading is Facilitated by the use of a lens-front 
stem, so that the thread of mercury is magnified, anil 
the employment of a pocket lens is thus dispensed 
with. The employment of the latter is beside* 
attended by •littieulEiea in ordinary instruments ms 
already mentioned, on account of difference of focal 
distance of the thread and scale. 

Another form of maximum thermometer is 
• hat invented by Professor Phillip. In this instru¬ 
ment the Imre is exceedingly fine, and the thread of mercury 
in the stem i# broken by a small air-bubble. The portion of the 
thread above the bubble serves as an index which is pushed 
before the bubble when the temperature is rising, but remains 
in eft* when the temperature fulls, This index is not easily shaken 
out of its place, ami with a very fine bore the instrument may 
lie used with the stem vertical, us in Fig. n which represents a 
Phillips' thermometer enclosed in a strong glass tube at designed by 
Lord Kelvin for the observation of temperatures in deep wclfs. The 
enclosing tube is hermetically scaled and protects the thermometer 
frotn outside pressure, to which it, would otherwise lie subject. In 
the lower part of the case a small quantity of spirit surround* the 
bulb, which places it iti bettor thermal communication with the 
outside medium. 
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77 t Strain ThermoniMera,—Temperature may ulsu be irldir t i.4.^1 
by the strain, or change of shape of a bct^rogcEieoUE substance through 
inequalities of expansion of its constituent-, Obi thita principle dvjtcrul 
several forms of picket thermometer-and tael bregiatcrt tig UieruiouHterK. 
Bn&guet's metallic thermometer (Fig. El) is a good example. In tbb 
instrument three thin strips of platimint, gold, and silver :n‘it fiisteried 
together (by being priced through a foiling mill) m m to form a thin 
ribbon, the eoro of which is gold and the surface layers platinum and 
silver respectively. This ribbon i* then coiled into a spiral, one end 
of which is Indd fixed while the other carries a |jointer moving round 
a graduated scale. The silver, which is most dxpmihl^ forms the 
inner face of the spiral; mid the platinum, which i-s least expansible, 
the outer face. When the temperature risen the silver expands more 




than the gold or phiti mini, and tho spiral unwinds iudf, moving the 
pointer round the scale, the contrary effect being produced when the 
temperature falls. The instrument may be tmule a muter by graduat¬ 
ing it by direct comparison with a standard thermometer, and if a 
light index be placed on the scale so as to move before the pointer, it 
will give the maximum temperature during any period. A second 
index placed on the other side will give the minimum temperature. 

This thermometer i* sensit ive to very small changes of temperature. 

Another class of strain thermometer depends upon the change of 
shape of a thin floxiblo metal tube tilled with a highly expansive 
liquid such as alcohol, chloroform, or a mixture of both (Fig. 15)* The 
tube thus tilled is sealed at a low temperature and bent into a circular 
arc. If now the temperature rises the volume of the contained liquid 
increases, and the tube straightens itself so as to increase its internal usurious, 
capacity. Hence if one end itf fixed the other end will move with 
every variation of temperature, and if a pointer be attached to it the 








112 


THEORY OF HEAT 


cur ap 4 ri 


motion limy be used to register temperatures This method was due to 
Bourdon, and it has since been adopted as e meteorological recording 
instrument, and sko as a convenient form of pocket thermometer, 
which, when f Limit*]]oil with a maximum index, may be used as a 
clinical thermometer, 

78. Joule's Air-Temperature Thermometer. A thermometer 
indicate* its own temperature, and for this reason it h difficult to 
determine the exact temperature of the air at any place, for the 
indications of a thermometer placed there will be influenced by the 
radiation r>f neighbouring bodies, To avoid this disturbing influence 
Joule 1 invented an apparatus depending on the 
motion (caused by an air current) of a spiral of fine 
wire suspended by a filament of silk, and carrying 
a small minor which reflects n Wain of light to 
a distant scale. The spiral wire is contained in a 
copper tube (Fig, JG) surrounded by another co¬ 
axial cylinder, and the apace between the two is 
filled with water, the temperature of which is noted 
by means of a thermometer. The lower end of 
the tube containing the spiral is furnished with 
a lid which can slide backwards or forwards, so a^ 
to open or shut the aperture at pleasure. When 
the tube is dosed the air within it cornea to the 
h ic, a.L .Funi. * teniperature of the water, and if the lid 1 >b now 
removed, an upward current will *et through the tube if the air 
within h warmer than that outside, and a downward current will set 
in if I he reverse is the case. Tn ease of equality there will he no 
current and no deflection of the mirror, or spot of light on the scale. 
Joule found that a difference of 1 F, produced an entire twist of the 
filament* and that the temperature of the water when equilibrium was 
secured was generally higher than that indicated by a thermometer 
exposed in the air outside, 

(For radiometer*! and sensitive thermometers* see Chap* VI. 
see. iv*) 

70. [Standard Thermometer. —Before wo can measure tempera 
UirfcH with precision, and compare onr results with those of other 
observers, tt is necessary to fix on a standard scale of temperature, by 
means of which all thermometers may be compared and standardised, 
ftueh a fccale must be perfectly definite, readily reproducible, and 
capable of indicating very email differences of temperature. Liquid- 
in-glass thermometers are not suitable for this purpose, for though 
J joule, fVrte* Manchester Lit. and phiL &«,, toI. VoL jj. 
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they are capable of considerable delicacy, yet, owing to the variation 
in the properties of the gla$3 envelope with temperature, it Eh diHif uh 
to avoid imiaffnitetie^. Redder, aueh n scale would not bo readily 
reproduced with certainty, idriue glass is not a definite chemical m\*- 
*tarice F and it h by no mcniirf easy to manufacture glas* of given 
composition and properties;, a* would be necessary in order to make 
all thermometers give the same indications These objections do not 
apply in the same degree bo the use of a gas ns thermoinetric mhatnnee, 
since the cxpnmdbitity of a gjin is *0 much greater than that uf its 
solid envelope, that variations in the properties of the latter ere of 
much less consequence than in liquid thermomet^. The gas ther¬ 
mometer is also capable of greater delicacy than ill* liquid thermo¬ 
meter and has a far greater range of tempemturv. ThcorfiticaLLy, the 
best scale to adopt an a nUndard would he Lord Kelvin’* absolute 
scale of temperBLiire, 1 * 3 * which is founded on theoretical principles ami 
does not dejicnd on the properties of any particular Eiilistaiic#. It is s 
however, not possible at present to determine temperatures oti this 
scale with -Hidlieient certainty to justify m in adopting il as a standard, 
but it is desirable that the scale chosen should a* least approximate 
closely to the theoretically perfect absolute scale. This condition is 
best fill HI led by the hydrogen gas thermometer, the expansion of 
hydrogen (on the absolute scale) being the most regular of all gases, 
and its range greatest* The hydrogen gaa thornujnieter is therefore 
taken as the standard, md all other thermometers conqtfired with it. 
Standard thermometers are verified and supplied by die Bureau 
lute motional des Folds et Mcsitrc* at Sevres. Ihermuniotera of all ^ rrr 
kinds, whether for ordinary purpose* or for the most accurate scientific 
wuik t can be sent for testing and tabulation of correelions to the 
National Physical Laboratory at Buahj House, Tcddington, In 
Germany the testing of thermometers in carried out at the Physikalisch 
Technische lloichsunsialt at Chariot tenhurg 


AcuuHATi£ MehCI UIAL Til BIlMOMKTlcY 5 

SO- Correction of Errors,— Cas L her kilometer* can only be uni 
ployed under special conditions ; they are troublesome to use, and 
are unlimited for general work. For the accurate observation of 
oidinarv temperatures liquid-in-glas* thermometer* are most cuu- 

1 This i* di*cU£Wn1 in Chi^ \ III- 

J Ib-fiitm prhn|ts being hat a* hrlium is a r»r* ukmtut, iu 

imap-tita have am vm brnn &o ibenagLIy Savettigntcd m the^ of 

3 C. K. Gliilhutu'-, TmiU Prutiqu? \k In Thmrtnmftrir k Ffrritim* C. Cbm** 

rk iV, jVnp r| \\ nrch ntel A ]-ril 
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Advwugt* venient, Although several objections to the im of raercurv havt- 

of in^rvurv. ■ . , ■" * 

been men Honed in Art, <4, vet, as the errors to which mercurial 
thermometers sire liable have been very carefully investigated, the 
corrections to he applied are better known, and consequently the 
temperatures indicated less uncertain, than when other liquids are 
used, 1 he advantages which mercury possesses are its range of 
liquidity ; its regularity of expansion (judged by comparison with the 
gas thermometer); the ease with which it can he obtained pure ; its 
property of not wetting glass ; its low vapour pressure; and its low 
specific heat and high conductivity, which enable it to take up readily 
the tcmjxirature of its surroundings. For these reasons mercurv is 
much more used than other liquids,] 

The first essential condition which must bo fulfilled by a good 
thermometer is that it must always give the same reading when 
submitted again and again to the same temperature. Thus when 
placed in melting ice the reading should always be the same, no 
matter what variations of temperature the instrument has Buffered, or 
how long the interval, lie tween two such comparison*, For this 
pui'jiose not only should the volume of the mercury be always the 
same at the same temperature, but glass should also satisfy this 
condition, or at least the apparent volume of mercury in glass should 
be always the same at the same tenqie rat lire, This, however, is not 

&cuiar the cmc. Glass when heated and allowed to cool does not im mediately 
return to its original volume. It is in some degree plastic, and after 
it has been highly heated or strained a process of gradual recoverv 
goes on for a long time afterwards. For this reason the reading of u 
thermometer depends not only on its actual temperature but also to 
some extent on the previous history of the glass. After a thermometer 
has been filled and sealed the capacity of the bulb gradually diminishes 
to a slight extent and its zero rises, rather rapidly at first* and then 
very slowly for years afterward*, 1 By properly annealing the tidies 
and storing them for several year* before dividing them, this defect 
may bo very largely if not entirely got rid of; ami it can in any but 
a very new thermometer he easily allowed for in reducing olaterva¬ 
rious. This change of zero, be it noticed* is believed to occur, how¬ 
ever uniform lie the temperature at which the thermometer is kept s 
A delicate thermometer possessed by Or. Joule* was examined at 


1 This gr»«lil»l dintigr of til,' nrro point was tint noticed tiv Huinn mi,.* J„ „ 
dt CttimK ti dc JfttjjNriftK, VoL irL p. 331, JUgJ, ' * * ' 

1 lAwotdtog to SI. L. Mirctiit, small oscillation, in teaspwrttm .r* to a v„,. 
silunt najwMltil* f«r til* grn'lual apjroaflll of tiwnnnicter nmdiuu* m „ ... 

Jour* t tie Phrmqru, tc>ipi- l-gys)/) * Y lqt 

* Joule, Scientific toper*, P . f.SS; toil. tf* JtancArficr, >V nr \ Febrawy IfiTO. 
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intervals extending over a period of nearly forty year*, and showed 
ihi^ gradual rise of the *ero + The change, however,, wits exceedingly 
slow in the Inter years* Thirteen stale divisions corresponded to 
I F. t and the reading of the zero point was found a* follows, in scale 
divisions 


Hat*, 


April \m 

0 

February W§ 

5'S 

JADUdty 1343 

s-d 

April 1343 

s-n 

Febmaty 13P3 

5 J 5 

April 1S5S 

& J 7r 


Dttft 

Zffo N™illnj. 

December ISSO- 

Ill 

March \M 

n a 

February 1870 

\Tl 

m " 1*73 

is-a 

.hhEtuArv 1377 

Nomatwr 187^ 

12-71 

12P2 

Peoemher 1382 

is sa 


[When wo exjiosc a thermometer to changes of temperature, a I^pr^ilon 
further defeat presents itself, which for thermometry of the highest 6 
Accuracy is much more troublesome. ^ ithiu certain limits the 
increase of volume in glass accompanying rise of temjjcnitiire from, 
say, t to f does not wholly disappear at ones when the temperature is 
rapidly reduced to /. A thermometer taken through such a cycle 
reads lower on the second exposure to the lower temperature This 
phenomenon is conspicuous when wo compare ice-readings taken 
immediately before and after exposure to temperatures between 50 C. 
anil 100 d ; the tUp/tsmu of zero, as it is cal led, is greater the higher 
the previous temperature, Exposure for only a minute or two to a 
high temperature is only partially effective ; hut twenty or twenty-five 
minutes’ exposure usually produces practically the full ctlecL On the 
other baud* the depression tikes a considerable time to disappear ; it 
is u question of days or even weeks if the high temperature has 
approached 100 O. 

Both the rise and depression of zero just noticed are evidently due 
to the same attire,, a hysteresis in the glass or lag in completely 
recovering from the expansion produced by heating, In ihc case of 
the secular change of aero, tie thermometer is gradually recovering 
from the effect of heating during manufacture. In Dr. Guillaumes 
work on thermometry, already referred to, this property of glass u 
called rtsidmi rxpmm n* 1 

In the more infusible kinds of glass the residual expansion is leant 
and the recover v most rapid.. Hitherto at the Bn rein i International 
attention ha* been mainly directed to a standard glow, French wm 

1 “ rttiirin* tft' m*" s« nete, 3 % 113 , for rrferencfl tv Pr. Guillaume"* 

work. 
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du^tii tcm|>ernturci between - SO 11 C + aiid 1QO C. At the K&Lchsnn- 
pitnIt certain deim glasses, notably IG ,U and 59 111 , have been examined 
51 nv* i bii ! - \n similar detail. The con chi si on reached fur these glasses* throughout 
mlihfwl nif lea*t this range, is that the difficulty can be met by treating a rend- 
ending. i eg Jf in ice immediately after the measurement of any tempera tent f 

ria the zero of the thermometer for the preceding observation. This 
is equivalent to the conclusion that the residua,! expansion, wrhose 
existence k made manifest by the depression of zero, remains practi¬ 
cally inichanged during the brief interval required to observe Imth t 
arid If / has been preceded by a higher temperature the residual 
effect t h in reality larger, hut il depresses equally the readings t and z t . 
The method of n movable zero requires that in determining the funda¬ 
mental interval I he boiling point 10D C. I>e first determined, and that 
the ice-reading z m be taken immediately after, 

<f Fbcsd The ordinary practice in this country proceeds on the hypo thesis 
nsethod, a fixed zero. In determining the fundamental interval the observe 
lion of ilie ice point precedes that of the boiling point; and in ordinary 
iim the observed departure from O' €. in a. preliminary observation in 
ice i* applied a* a constant correction at all point* of the scale. The 
relative merits of the movable zero and fixed zero methods will be 
dj*cuR*cd later on. 

SL Lag of Thermometer.—Another source oF error is the fact 
that thermometers require a sensible time to follow a change of 
temperature. This lag in a mercury thermometer increase* with the 
mass of the mercury and the thickness of tlie g]ann„ It also depends 
on the nature of the aurrouiiding medium. A clinical thermometer, 
for Instance* initially at 15 C. F will rise to the lemjHratnrc of the body 
faster ii] a moist than in a dry mouth, and ninth faster in a well-stirred 
bucket of water than in either. In still air, where tenqK!nitnrc is 
altering rapidly, two adjacent thermometers of different sluggishneas 
may differ by degrees. 

iMwrmhuo If the medium in which the thermometer is immersed preserves a 
linn of 11t( [f orni temperature, I he thermometer will soon attain that tempera- 
hire, and no correction is necessary. Let the time ln> measured along 
a straight line AB (Fig. 17), and let the ordinates represent differences 
of temperature lietwcea I lie theniiomt ter and the medium. Then if 
the instrument k plunged in a tiuirl warmer than itself who*e tempera¬ 
ture k kept constant, its rise of icm^rature will be rcpre^iriled by a 
curve l p tj. At 4 the difference of temperature has become too small 
to observe When the reading of the thermometer census to vary the 
temperature indicated will Ijo that of the medium. 

The most frequent cm: which occurs in the laboratory j & that of a 
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medium whose temperature varies in some continuous manner. hi 
*ueh it case we may apply a correction follows. Suppose tout 1 Jus 
tern juit-at lire is gradually rising. Let the carve DB (Fig. 18) represent 
the rise of temperature st# indicated by the thermometer. Thirty owing 
to lag,the actual temperature of the 
medium will int somewhat greater 
at every point. l^t another ex¬ 
periment lie mode* in which the 
thermometer l« immersed in a 
similar medium preserved at a con¬ 
stant temperature by some thermostat arrangement* and lot the curve 
plj (Fig. 1 7) be plotted fur this experiment. If we a^iime that the lag 
of the thermometer depend#, nut uii the absolute temperature of the 
nurromidirig Until but only on the rate at which that temperature i* 
changing, wo may obtain die actual lempemturo by finding a point M 
nn PQ p where the slope of the curve i# [he same a* that of the curve 
ME at any [mint N (Fig, lli). Since the slop- of the curve manwrea 
the rate of change of temperature and therefore the amount of lag* 

the lag at N in the *arac as at 
M t and thus by adding itli amount 
N F = MU to the ordinate at N, 
we find a point F giving the 
actual temperature of the medium. 
Continuing tbi* process for a suc¬ 
cession of points, we get a curve 
represen ling the corrected tem- 
po nature** 

If T denote time, / the ther¬ 
mometer reading, and r the temperature of its lunrounding#, the 
formula usually advanced to represent the phenomena h 

4i 



<rt 


r \(t -r^ 0 p 


where A is n constant. 


The solution of this differential equation is 
< = r 4 -[U -t) e^* r , 

where t„ is the value of t when T = 0. The value of A is determined 
by observing the lug when the temperature of the surroundings is kept 
constant, el# just described. The mean of a number of determinations 
should be taken. 

82. Pressure Coefficients.—T hr application of increased pressure Emnml 
to the outside of a thermometer, whether through rise of barometric 
pressure or irainersion in a liquid, compress the gins* and reduces its 
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internal volume, This makes the mercury rise in the stem, and* 
supposing the increase in pressure uniform over the outer glass surface, 
the rise licars to the increase in pressure a eons unit ratio, known as 
the &ttnmt prrxsttre tdejfkien?. The unit of pressure usually employed 
is that, of a millimetre column of mercury at O' C., the rise in the stem 
being measured in degrees. Knowing the external pressure coefficient, 
one can calculate the correction necessary to reduce the readings taken 
with the thermometer under any known external pressure to what 
they would have been under the standard pressure* 

[BUnuiS Again, when the horizontal position is adopted m the standard 

one r is dune at the Bureau International and the Kekhsaustalt, a 
correction is necessary when the thermometer is read in the vertical 
position, to allow for the influence of increased internal pressure > This 
pressure expands the bulb and compresses its contents bath effects 
contributing to lower the reading. If we treat ihe internal pressure 
sis uniformly distributed and proportional to the length of the mercury 
column measured from the centre of the bulb, we can, by observing 
tho difference in the readings of a thermometer when vertical and 
when horizontal at any one temperature, calculate an ini triad prom re 
imj/idtid* This may conveniently he the ratio of the observed rise of 
reading in degrees-—when the thermometer Ea transferred from the 
vertical to the horizontal position—to the length of the mercury column 
measured in millimetres. Knowing the internal pressure coefficient, 
wy can calculate a table giving the correction for internal pressure to 
be :ip(plied to any rending taken with the thermometer vertical. 
teUtkm Applying the mathematical theory of elasticity, Guillaume has 
^rtldriLti deduced a very simple relation between the external and internal 
pressure coefficients, measured of course in the same units. Calling 
these coefficients fi, ami fa respectively, this relation may be written 

where r m proportional to the difference between the compressihjlitv of 
mercury and that of the particular glass of which the thermometer is 
made. Thus in all thermometers of the same glass fj { - should be 
constant. Taking the units recommended above, viz, rise of 1 C. in 
reading and 1 mm, of mercury pressure, the results deduced at the 
Bureau Internal ion nl 1 and tho Eeichsan&talt - are as follows:— 

<■!■**. fk-fk. 

Vtmdut O0C0154 

J^'ln glrai U# l ' J CDOOltl! 

.* ,, -ooooiae 


1 Tktr Anoffl/iriif, \\p. 102, 1&3. 
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The proof of the foregoing relation as given by Guillaume h not 
quite satisfactory. A rigid mathemal ical demonstration has, however* 
been given by C. Chreed who shows that, the relation h exact under 
two restrictions—absolute homogeneotisncss in the glass, and uni¬ 
formity in the distribution of the esterna! and internal pressures over 
their respective surfaces* inclusive of bulk, (stem, and any auxiliary 
chamber*. These conditions* are sufficiently nearly realised in practice. 

In determining ft the thermometer* immersed in a liquid, is 
exposed to various air pressures from an atmosphere downwards. 
The fact that the changes of pressure tend to a (feet the temperature 
of the liquid u pointed out in the publication of the Keichaauataltp* 
and it is apparently recommended that water—preferably near 4 C.— 
should be used rather (ban glycerine or mercury.* 

Observations of the thermometer alternately in the vertical and 
horizontal positions, at any convenient temperature, Supply the menus 
of calculating ft. There is some uncertainty, however, due to capil¬ 
larity and the ajiaymmetrienJ shape of the meniscus in the horizontal 
position. Oil this account Guillaume recommends that it be deduced 
from the observed value of ft by means of the theoretical reha ion 
between the two coefficient*. 

By adopting the vortical eus the standard position, the practice 
followed at the National Physical Laboratory, the necessity for an 
internal pressure correction can usually be avoided, at least for accuracy 
of the order 0 Ql C. When fhc stem u vertical the reduction of che 
reading, like its two contributory causes, expansion of the bulb and 
compression of the mercury, is proportional* at least a* a first approxi¬ 
mation, to the length of the mercury column measured from the middle 
of the bulb ; but in an ordinary thermometer increment of stein-length 
is sufficiently nearly proportional to increment of reading, lienee at 
any temperature / the depression due to interim I pressure is 1 in stem 


divisions, q * \ w here ^ and y are constants for the thermometer; 

Thus to make a Bureau International thermometer register cor* 
rectlv in the vertical position, we need only lower the freezing-point 
mttr k q divisions below the point answering to a horizontal reading, 

and shorten each degree division by ‘ of iiaolf* This obviously comes 
to the same thing as marking the freezing and boiling points with the 


l JWL OcL ISM. 

* U’j'as. AbAandL, to]. ■:., Ip|*» 

= S-r- IjpmI Kelvin** Math, and /fliytf, Fa pen, vo] r fit 3.31. r 13 fl 2M, Al§o J«k 
Phil. Tra iM., lS5p p pp 133-13A. Hi« s>f w*t^t m -I i* mi ali^raj 
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thermometer vortical and subdividing the fiiiidanrenLiil interval in the 
Usual way. 

Under ordinary conditions the external pressure eon vision h of 
trifling importance compared with ilie internal pressure correction. 
But if the thermometer k immersed in a heavy liquid stub us 
mercury, or in a gas under pi ess tire differing appreciably from 
that of the atmosphere, the correction may bo of the order 

rm a 

S3. Error due to Capillarity.—The attraction of rim mercury 
particles for each other, which gives rise to the phenomenon of surface 
tension, and which manifest* itself by the curved monifrcuu at the free 
end of the column, serves a useful purpose in ensuring the return of 
the liquid into the bulb when the temperature is falling. The surface 
tension of mercury undergoes a slight regular diminution with r m of 
temperature. If the procure due to surface tension varied with the 
same regularity, no correct inn would he required on account of it, ns 
the .same conditions exist when the fixed points of the themrameter 
are being determined* Several causes,, however t contribute in pru- 
d tiring irregular changes in the inter mil pressure, and thus lead, in 
the indications of delicate thermometers* to variations of which it is 
very difficult to take account, and which, mure |*jrhaps than any other 
phenomenon, assign the limit of precision winch il i* possible to attain 
with the mercury thermometer. 

I uflerenees in the diameter of the lube at different points are an 
important cause of variation hi the interior pressure. In calibrating a 
thermometer inoafuremotits Eire mode of the boreal successive parts of 
the stem, but ns these only give the mean value of the bore over n 
short length of Lube, they are nen much affected by considerable 
irregularities extending over very short portion* only. 

Further, owing to the capillary attraction which exists between 
niemtry and ghiss, the angle of contact between the liquid and the 
side* of the tube denials on whether the temperature is rising or 
falling. If, for instance, the temperature is falling, the free surface is 
Hatter than if it were rising, and if a feeble rise of temperature should 
take place, ihe Aral effect would be an increased curvature of the 
meniscus, and t he resulting increase of internal pressure might expand 
the bulb sufficiently to allow for the expansion of the mercury without 
any rise in the stem. A rising column will ill way a read somewhat 
lower than a falling one at the same temporat lire. 

The angle of contact U also somewhat a flee ted by slight changes in 
[lie nature of the interior surface of the glass, such as would be caused 
by the bLciii having been strongly heated at any jiyiut. 
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To correct {or error* due to such variations in the bore ns nre 
detected during calibration, Guflktaoe employs the formula 

£ 

* = -r 

where /, is the capillary pressure, r thu radius of the tube, and r a 
constant whose value lie finds to bo 33‘4 in milligrammes per milli- 

A» the rise of the mercury in the atom is less disturbed by the 
capillary alt,action of the glass than its fall, the best practice is to 
arrange, if possible, to make nil readings with a rising column. 

84. Emergent Column.—Elementary theory assumes all the glu** 
and mercury of a thermometer to be at one temperature, Even in 
welt-stirred lwths in physical laboratories this is rather an ideal "tetb «• 
matters. In ordinary use there is often mi appreciable, sometime* » 
long, mercury column exposed to n tem|«ratuw differing from that of 
the bulb. This is especially true of thermometers employed to 
measure the temperature of a liquid whirl) i* 
largely in excess of that of the surrounding nil. 

Tti such a cJL.se, if a long mercury column be 
emergent, the thermometer, if correct, will read 
considerably below the true temperature of the 
Liquid. An approximate correction uuiy be 
obtained by tiipjiosing the immersed jxirt of 
tin: thermometer to be unaffected by the exist¬ 
ence of the emergent part, and assuming the 
whole emergent part, glass and mercury, to be 
at one temperature. 

Let the liquid reach to the division f, on the 
stem (Fig, 1 9 ),Jet f be the temperatPTC read, f the 
temperature assigned to the emergent column, 

/ the required correction, r„ the volume at 0 , 

,,f one stem-division, and in and n the coefficients 
of expansion 1 of mercury atid glass. 

The volume of the emergent mercury is 

ami its temperature is f. If it* temperature 
were raised to /, its volume would become 

* * r* 1 + m£ 



I tft-e tltist chapter. 
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urn] it would give the true raiding, But its volume on rising to the 
true reading paint should he 


therefore 

whence 

where 


Q _ ™ S 
(1 -HjOd + ml*} 

— wi - g fijiproiimitfllj * 


m that f it approximately the reciprocal of the number of decree 
volumes included En the bulb up to the zero murk. It [ s k constant 
for any particular kind of glass, and in all ordinary kinds of glass it 
i* a little less then I >3000. Knowing the glass, we should at once 
know eke correction, provided m^kccw 

Ill reality, of course, the emergent column varies in temperature 
from base to summit, so that t' must be regarded as its mean tempera¬ 
ture. To determine t‘ directly, the Boicbsanstajt employ a Fadfn- 
thermc/mfier iuec Tig. IL>), placed apparently with its very elongated 
bulb closely adjacent to the emergent column. Taking the reading 
of this auxiliary thermometer for t\ and replacing -• by J OJnO, they 
claim to obtain with thermometers of ,7cna glass =59"' corrected tem¬ 
perature-readings which are consistent to 0 ■! C. even up to fjOO' C 
This practice of the lieichisiuisUi.lt seems a development of an idea 
which originated with firgnault. 

Dr. Chree has obtained good results by employing the formula 


*mOft 

of the same type as the last, but where /' denotes tlm temperature of 
the room. For experiment* conducted under similar conditions C is 
r* constant for any particular thermometer, but varies from one 
instrument to another. It J* determined ex peri men tally for each 
instrument.] 

85. Calibration of the Tube. — If it is agreed to measure equal 
increments sd temperature by equal increments of the volume of gome 
chosen substance contained in a glut envelope, it will be necessary 
to divide the stem of the thermometer into parts of equal capacity" 
Thermometer tube* are drawn and not bone], so that inequalities 
generally exist in the diameter of the capillary Imre, and equal lengths 
wifi not have equal capacities from part to part of thy tube. To 
test this a thread of about 20 or 30 nun. of mercury i s |,|,^ e d in 
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the tube and moved from part to p*rt of it* length, lb* 
convenient^ effected by gently blowing into » piece of mdrn. rubber 
tubing listened to one end of the tube. In each pOBlWi there it >1 
be .light variations found in the length of the thread as it ■* moved 
from place to place, but if any considerable varmtiou is 4m«* *• 
tube should be rejected end one of more uniform bore sought. In 
order to measure equal rise* of temperature by eq«ml increments 0 
volume, it is necessarv to know the capacity, or volume per amt 
length, of the su m, in terms of its capacity at some Reeled V™*- 
The process of effecting this is termed wMmftea, 

[lit the French and German standard thermometers the stem n 

divided into equal lengths, not equal volumes. En « l,ah 

mometers, on the other hand, arc calibrated before they are subdivide l r 

and the calibration result, are used to guide one in dividing the stem 

into equal volume^ not eqqpl lengths. 1 

S6. Determination of Fixed Points- In the determinat e., of the 
freezing point l»r- Guillaume finds good lake ice or freshly-faden *now 
moietened with distilled water best. The temperature tn the centre 
of large block, of artificial ice is apt to ho somewhat below 0 C he 
determination should be made rapidly, ^cv.lUv in the case ol 
mometers intended for high temperatures, so as not to 
secular rise of zero. This remark does not, however, apply hngh b 
thermometers used according to the fixed zero methw - 

Variations in external pressure alter the melting point of ice, but 
the changes are verv small, an ip,crease of one atmosphere lowering the 
melting Lint by .bout 0 '0075 C- The effect of external pressure m 
altering the volume of the gins, is more considerable. Care is required 
that no external pressure effect is produced by too tight packing of he 
ice, or bv allowing tho bulb to rest unsupported on largish ,ce cr.«a s 

In determining .he boiling point it is h.ghly important thrt the 
atmospheric pressure should be determined with the greatest possible 
uccumev. On account of the lag of a barometer, and poshly the 
lag of steam in adjusting its temperature ns the pressure changes, 1 
is important that determinations of boiling points should he made 
time* of steady baramfltW prcsatiWs , 

hr nmem »Wy pohud out i„ An. W. *. Mm " ” SSjSSL- 
dolomtircd before Ilia freeiing i*' nt »» the CwillncDt. 1 1 ■ r ifc*. 
thermometers tho freezing point is first found. 

' An MWUiit of method, of 0 *ti brttion of thermometer tnhc* will t* found m 

. ,, , , r wt_ It in, bnwever, unneoeMMJ' *° oCUW«i*r tbom, U 

Z ™,’a £ui.UnW thermo . Z Speak uMntUsdf an 

i-um^rlson SIh 1 *t*nd«d hydrogen thermometer. either dually nr thiccgh the 
illtirmediuy (if anoifciPF iIi^rnidEU^t-ur, 
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87. Comparison of Thermomeirle Methods. 1 —It remains iw r us 
to consider briefly the relative defects and advantages of the ordinary 
British method* * if thermometry and the more refined method* of the 
Bureau International In favour of the latter in the strong argument 
that when a t>yyf*Iat a thermometer verified at the Bureau International 
is used in a carefully prescribed way, one mm dcilice the corresponding 
temi^rature on the scale of the hydrogen thermometer fat least 
throughout the range -20 C. to 100 0.) to a very high degree of 
accuracy. In a physical laboratory the probable error may be as small 
as * 0 002 a or even, ■ 0^001 C. 

Du the other hand, it must be conceded that the existence of 
lengthy tables is an evil, however necessary, both on account of the 
very appreciable labour their application entail*, and on account of the 
large increase their calculation makes lo the prime coat of the mstrai¬ 
ment. Thu fact 1 hat for high accuracy sij ice-reading is desirable after 
every temperature oWer vat ion is also a drawback. Very considerable 
skill is required when the preceding temperature is high* the risk of 
breaking the therm obietor being appreciable; and the frequent pre- 
pa rat ion of ice is both troublesome and expensive. The cond ition* 
under which h is safe to dispense with nn ice observation and use the 
Bureau s table of depressed freezing points for verre duy are somewhat 
uncertain. 

In favour of the customary met boils of using English gbs* ther¬ 
mometers there are certain advantages. The necessity for an internal 
pressure correction, as we have seen, ie avoided by adopting the 
vert icfcl ns the standard positionH The actual readings of a correct I v 
divided thermometer, after allowance is made for any secular change 
of zero, are likely to give at ordinary atmospheric temperatures-—where 
nearly all very exact absolute measurements are made—results agree¬ 
ing with those of the hydrogen thermometer to within 0*'l C. To 
those physielnts and chemise* who are accustomed to record tempera- 
Hires to 0 'GDI or even 0 J 0GG1 C. t this may seem a paltry claim ; 
lint it does not seem so to many scientific men T w hose interests extend 
beyond ihe tetri j>eraturc of the thermometer to that of its surroundings. 

On the other band, there unquestionably exist physical ami 
chemical investigations* tending to increase in number, in which the 
absolute determination of temjieratures with the highest possible 
precision Is of fnndiuuetit&l importance For these, in the meantime, 
English glass thermometer* and ordinary British methods are not 
suitable. However good the workmanship, and however accurate 
the calibration, there exist the following defect*;— 


1 C. Chtw, AjpcU 1SS4* 
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1. Ice-raadings corresponding to infinitely prolonged exposure to 
O' C. are not pmcticnlly obtainable; ami ordinnry ice readings, being 
affected to some extent by the previous temperature, are not strictly 
comparable, 

2 . So long as changes of M indies of mercury in baianictnc 
prepare are possible, and occasions arise for the immersion of ther¬ 
mometers in heavy liquids correction* for externa! pressure eminoi 
jilw$ he avoidsi, 

S. Unless frequently subjected to tcmperaLurecycles of ronndvr- 
able range, an ordinary English glass thermometer is apt to he irdlu 
diced for days, it may he weeks, by exposure to any temperature 

much over 120 F, * , 

4 For accuracy of a higher order than 0 1 F., it .a uminly 
unsafe to assume the natural wale of an English glue thermometer 
identical with that of the hydroge. nitrogen thermometer, even 

for the restricted range 2i! J l'. to -1- !'■ 

5. Whether through variety in the constitution «* the glamor 
differences in its treatment, the natural wales of ordinary English 
glnas thermometers do not appear sufficiently accordant to render 
practicable the use of any general table of reductions to a standard 
scale of temperature] 
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BS Gas Thermometer—The indications of mercury thermo 
meter* arc complicated by the effects due to change** in the volume of 
the glass envelope, which depend not only on the temperature* but also 
on the previous history of the glass. The influence of the nature of the 
on the indications of the instrument will become less and lets the 
greater the coefficient of expansion of the eon tain ed liquid. I si this 
respect thermometers filled with highly expansive organic liquids will 
be superior to those filled with mercury, and sir or permanent gas 
thermometers will lie superior to the moat accurate liquid thenno 
meters. The permanent gaw* expand about twenty times as much a* 
mercury for tho same change of temperature* and as a consequence the 
error* arising from inequalities in the expansion of glass produce much 
less effect liases also pos&ess a very low specific gravity, and can bo 
obtained of the same purity in any part of the world. Their properties 
are in addition permanent, and they expand, nearly equally under the 
name conditions* m that thermometers filled with different permanent 
gases all agree very closely amongst themselves. 

No two solid* or liquid** on the other band, can lie found which 
will agree through out the scale, and in absence of any other reason, for 
choosing a permanent gas as the standard thcrmoiwctrie substance, the 
dose agreement of so many ditTer-enl substances throughout such a 
wide range of temperature attache? great practical importance to the 
scab of temperature furnished by their expansion. The permanent 
gases besides, when not subjected to too great pressure, tun in min their 
*tate and behave in the same manner (at bast very approxLmatdy)at 
very high a* well as very low temperatures. They consequently furnish 
a scale of measurement which is continuous and cm braces a very wide 
range of temperature. 

The uniformity of composition of the atmosphere all over the 
world has led to tho employment of air, as a permanent gas, for 
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thermoinetric purposes. Precautions i>i I he strictest dutraet^r are, 
however, taken to remove all moisture and other variable Impurities, 
such as carbonic acid, from any sample used an a thermometer. This 
is effected by passing the air through a system of tubes containing 
calcium chloride, pumice-stone moistened with sulphuric acid, caustic 
soda, and phosphoric Ein hydride, to absorb the aqueous vapour and to 
take up any carbonic acid gas which may be present. The removal 
of moisture h of prime importance, aft ft small quantity of aqueous 
vapour, although of small influence at low temperature*, might have 
a very serious effect on the indications of the instrument when the 
temperature becomes high. On this account the bulb is filled (ami 
emptied) several times with perfectly dry air, and at the same time 
heated to a high temperature to expel all moisture which may be 
condensed on the interior surface or lurking in the minute crevices 
or pores ol the glass. When every precaution has been taken to 
thoroughly dry the interior of the bulb, it is finally filled at 0 C. with 
pure dry air, or other gas as desired. 1 

The instrument may now be used to measure temperature in two o»irtut 
ways—(I) by change of volume while the pressure is kept constant ; 

(2) by change of pressure while the volume i* kept constant. Eegnault volume, 
used both methods, but found that in practice be could only arrange 
the apparatus to give good results with the second method, and on it 
he founded what he called the “normal air thermometer/' For the 
sake of perfect definiteness he chose as the density of the air in his 
normal thermometer the density of air at the melting point of ice and 
under a pressure of one standard atmosphere, and he marked the 
fretting and boiling points 0 and 100" in accordance with the centk 
grade scale. We shall now prove that the second method agrees with 
the first in the case of a mbattnee which obeys Ikyles law, 

89. Characteristic Equation of a Thermometric Substance obey¬ 
ing Boyle's Law.—If the first system of thermometry be adopted, we 
incisure equal changes of temperature by equal changes of volume of 
the r her inomr trie substance under constant pressure. The difference 

X ^ g liA ghould be ehn^a which does nut attack th^ other materials Used Id tk 
ouwtrmvtien of the Jjistraniofit. Funs oxygen i* objeetionahh on this aweimi, u it 
uttaclcH the men:pry employed to nacaimfc the |>rt*aun of the gas. A fibn of wdu 
h formed on ihr xurfare iff the mercury, and this b tot Only detrimental to the few 
motion of the mercury in the tabs?, hilt the whole quantity of crayon in thfr huth 
bwomes diminished h ami the readings iff the instrument an? inJlMmed accordingly. 
fat this raison hydrogen sod nitrogen are preferable to sir. Hvg (umlt, hownW, 
due* not ipfMir to have axperifllieed any ill effect in tbih direction from the Uftd 
fif dir in has normal air thermometer, hut he found gnM iiregnlaritieu with pllTt 
oxygen torn- L p, 77^ 


For any 

mtlrii- 

Hiitatance. 


FVit n jpiM. 


i2fi THEORY OF HEAT * hai \ n 

between any two temperature & and will, therefore, be proportional 
to the difference between fhe corresponding volPirns r and r ir or 

r,Jw 

In this equation the constant of pro|mrl bmulity A independent of 
both temperature and volume, and is consequently a function of I be 
pressure only. It remains constant as long as the pressure i& constant ^ 
tini changes value in general with the pressure. Denoting it b_v/(/*), 
the equation connecting the temperature, procure, and volume of ihe 
thermometric substance, whatever it he, is 

When 0 o fUld r fl are chosen, the right-hand member of this equation 
remains constant at the same temperature, however the pressure and 
volume may vary. I< is therefore the isothermal relation between 
the pressure and volume of the substance, and gives the law of com 
prcssibilay a* constant temperature. 

If the zero uf temperature he taken as that at which the volume 
of the substance is aoro (for the present ideal only), then writing 
0 lt - Q, and r 0 G t and denoting the lent pern Lure measured from this 
/.era by O, the equation becomes 

The right-hand member being u function of ;j and i r > which remains 
constant at constant temperature, will,in the ease of a substance obeying 
Boyle'a Law, be simply some multiple of yr ; wo may therefore write 

J»=R|tfph 

where K is a constant This gives in the wise of n gas 

and consequently ihe character Jr tic equation becomes 

j*r - lift, 

where D is the tenijsemturc measured from the zero defined aliove. 

This equation bolds for a thermornotric substance obeying liovkV 
]:iw p anti follows i mined lately from the deli nil ion of the manner in 
which temperature i* measured. If another thermometer be con¬ 
structed with another substance which also obeys 1 Soviet ]uw $ a 
similar equation will connect the procure, volume, and temperature 
registered by thi* instrument, hut wo cannot assert tt jaw* that the 
zero of temperature will be the same for both, or, in other words, that 
the volume* will vanish simultaneously in the two instruments, that 
is, that they both have the sirne coefficient of expansion. Buchan 
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agreement must ba discovered by experiment, and that it doe* exist, 
at least very approximately ill the case of i ho |i«rmHiiont gases, was 
discovered b? Charles arid Gav-Lussat anil la stated in the law which Law 

■ nimr]*n 

bears their names. Assuming it to be true for the present, wo con¬ 
clude that the above equation holds for all gases in so far n* they 
obey Route's kw h the Eero of temperature being that at which the 
volume of the gas would vimkh under constant pressure if it continued 
to obey the law throughout the whole range. 

The equation al*o shows that if the volume is kept constant while 
the pressure and temperature vary* the change of temperature will be 
proportional to the change of pT£3ture t arid that consequently the 
seeontl method of measuring temperature, or difference of temperature, 
is consistent with the first, and that two thermometers, filled with a 
-substance obeying Holie s law, will agree throughout the scale in their 
indications if the temperature is measured by change of volume under 
constant picture by one, mad by change of pressure at constant 
volume by the Qthor + lu the latter oiise the zero of temperature is 
that at which the pressure becomes zero while the volume is kept 
constant, and thk Jupoct recommends itself especially on the dynamical 
theory, according to which the pressure h canned hy the molecular 
bombardment. The meaning of the pressure becoming zero* according 
to this theory, is that the molecules coma to rent, relatively to e»ch 
other. Hence, if the energy of translation of a molecule happen* to 
be pio|>ortionu| to its energy of vibration of internal energy, or if the 
vibratory motion of the molecule subsides wilh its motion of transla¬ 
tion, then when the pressure k aero there is complete relative rest in 
the gn^ lik other words, it U not a source of heat waves, and conse¬ 
quently may, with definiteness of meaning, wild to be at the absolute 
zero of tein|>enitiire. 

This view of the absolute zero appears at first night more rational 
than the former, by which it wai* defined m the temperature at which 
the volume vanishes, However t both are based on the pressure 
volume relation at constant temperature known m Boyle 1 * law, which 
asserts that the volume is inversely as the pressure for all values of 
the pressure—that is, that the thermomotric substance maintains this 
cbii'iirictistiL' permanently. Such, hoivover, it? not the case with any 
substance that has I>een experimented on, but with permanent gase* 
it holds very closely within moderate ranges. An ideal substance, 
mimed a perfect gasy has consequently been assumed which poe&eaaes 
these characteristics at all pressures. In other words, a perfect gas 
is a aiib&taiLcc which always obeys the laws contained in the equation 

jv-Ke, 

K 
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and the temporatnre registered by a thermometer ft]]ml with this 
Meal substance js grilled absolute temperature, Thermometers tilled 
with air r or nitrogen, or hydrogen, approximate very closely in their 
indications to tbit idea) iroTrumotif within a considerable range. 

90. Constant Volume and Constant Pressure Air Thermometers. 
-—The great objection to a constant pressure air thermometer lies in 
the temperature correction which must be applied to that part of the 
air which occupies the item of the instruments This correction will 
always lie necraeary, unless the biifb and all that port of the stem 
occupied by air are immersed in the same bath* and its influence will 
manifestly bo more and more important ns the temperature rises, and 
m more and more air is exiled from the bulb into t he stein, so that 
the mass of air contained in the stem becomes com liable with that 
enclosed by the bulb. For this reason it is almost impossible to 
work with a constant pressure stir thermometer, find sifter repeated 
trial Rcgnault found that he could only obtain consistent results with 
gas <hermometors when they were arranged so that the gas was kept 
at constant volume, and the temperature was measured by the varia¬ 
tion of the pressure. 

The form of apparatus adoptee! by Reguautt. is shown side and 
front view in Pig. 20, The bulb A f which has a capacity of from 
000 to 800 c.c. t is filled with [wire dry air (or other permanent gas) + 
and is connected to a mauomctric tube FGIILI. When the tempem- 
ture varies mercury is poured into I he branch I-J h or allowed to escape 
through the tap K, *o that the level 1 of the mercury in the branch 
FG k kept always at a fixed mark a. If the glass were non-expaneive 
the volume of the air would time be kept always the same T but on 
account oi the expansion of the ghee a corresponding correction 
becomes necessary. The difference of level between the surfaces u 
and /i in the two arms may be measured by means of a cni bolometer, 
and the eorre#tH>nding pressure of the air in the bulb deduced. 

If it is desired to w r ork under constant pressure the difference of 
level between the surfaces u and /j must be kepi constant ; conse¬ 
quently when the temperature rises the air expands into the tube 
FG wild the volume and tempera! ure of this exiled portion must he 
accurately determined. For this purpose the arm FG is accurately 
calibrated ami immersed in a hath, as shown in Fig. SI, m that Ur 
temperature may be maintained uniform. 

A convenient form of constant volume air thermometer has been 

1 Tin? pvnrlng ef mercury into t\w tulan- 1-J truty S« ronvenmttly nvoiib-U by 
fortutug m. rwfi'rvnSr nt K, win! ffirnliking St with * *i , rrw plunger, By lowing lh*' 
pliinpr forwards cr Wkwin.1* lljclev.lof the tmrreoiy may Ih- adjured its deijrwL 
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dev bed by Profesaor Jolly/ mid is reprinted in Fig. 22> The 
eaj>iIL'iry si lin is bent twice at right angles, and united at IS to a tube 
of larger bore, on which a fixed mark is placed near the junction of 
the capillary. In all measurements the level of the mercury contained 
!ti BI* m brought to this fixed mark r so that the volume of the air 
in the bulb and stem is constant if we neglect changes of volume 
Of the glass envelope. CE its a glass tube* preferably of the same 


i 
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diameter as B f to avoid difference of capillary pressure influencing the 
results. If, however, the diameters of the tubes be fairly largo this 
effect will la? negligible* and the tube CE may Iwj replaced by a 
spherical bulb T The tubes B and C are joined by an india-rubber 
tube, which is strong and flexible, and allows CE to be raised or 
lowered so ns to keep the level of the mercury at IL The difference 
of level of the mercury at E and B, added to the barometric height, 
gives the pressure of the air in the thermometer. This difference of 
level may be obtained by means of a cfttheiometer, but for ordinary 
3 Jolly, rttyyr. Juhetfo larf, p. 82, 1974. 
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constant, and that the t«eiiponttnre of the air throughout ie the same, 
we Isa vo for iwy two leiuperitturea (J t and 

j^-Ee* *ndfi 0 =B©j. 

Therefore 

P. 

If Htidi mi inAtnimeiit he graduated *o ihiit tho boiling point is 
denoted by 100', and the‘freezing point by 0 , then 

iM=0„-0 fl =ji J » 1 „ p .:l 

According to tho moat accurate observations of Segura)L 

J’jW 5=1 i 

100 _ 272-15 

H pi * 
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work a scale attached to tho frame on which tho instrummt is 
mounted suffices. The scale is engraved on the !mck of a strip of 
plane mirror before it is silvered, and the divisions are carried 
sufficiently far ncroes the scale for the reflections of the two surfaces 
of mercury to be seen behind the scale. Parallax is thus avoided, 
and the use of the eathetometor dispensed with. 

Assuming the internal volume of tho thermometer to remain 


and therefore 
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Consequently, any temperature on this scab? will be given by the 
formula 

#.8-« d - *jji-^9734C- 1)- 

In general, however* the volume of the glw envelope will vary* 
and the temperature of the air in the atom will differ from that in 
1 he bulb* and eorreutions will be necessary In both respects. Time 
corrections will be considered more fully in connection with the 
general problem of dilatation. The source of greatest uncertainty in 
gas thermometers lies in the allowance for the expansion of the glass. 
This requires the careful examination of the volume of the bolb and 
tube throughout the whole range of temperature for which the instru¬ 
ment is to bo employed. The volume of any such apparatus is moat 
accurately determined by observing the weight of mercury which it con¬ 
tains at different temperature^ and when the variation of the density 
of mercury with temperature is known the volume can be immediately 
determined* This, in fact, was the process adopted by Regnult. 

Jolly's constant volume air thermometer is a convenient form, and 
fairlv accurate for moderate temperature*. At high temperatures, 
however, a correction becomes necessary on account of the air expelled 
from the bulb into the capillary tube. If the temperature of the 
bulb were always the same as that of the tube* th& mass of g as 
contained in the tube would be constant; hut sis the tube is colder 
[haii the bulb, at high temperatures the pressure will be largely 
increased* and a cor responding increase will take pi sice in the mates 
of gas contained in the tube. In order to minimise the error which 
arises in this respect* Fir. Bottoudey 1 * 3 4 has designed a form of apparatus 
in winch the air reservoir with its volume indicator and the manometer 
are constructed separately, and connected only by 11 exibio tubing. 
The form given to the air bulb and capillary tube is such that it can 
be easily manipulated and, being constructed of hard Bohemian glass, 
the range of the instrument is thus considerably extended. 

An objection to all forms of constant volume thermometers exists 
in the pressure of lliegsia on the internal surface of the bulb, and this 
becomes more serious at high temperatures. 

91. Calendar's compensated Air Thermometer. — The great 
practical difficulties attending the use of the constant prepare air 
thermometer have been overcome in the form of apparatus devised by 
Professor Calletidar.- In this instrument the pressure of the air 

1 J. T. Bftttomkyt August lftftH, y. 149. For a hbr improved fitm 

a*a all Article by Amu dtr Fh y? * July 1901+ 

1B.I Callend*r. iVoc, i&Jf+ vob 1. \k 247, 1891+ 
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enclosed in the thermometer bulb T {Fig. *2$), instead of being 
adjusted to equality with the pressure of the atmosphere, i* maintained 
constantly at the same standard pressure as that of the air in another 
bulb S kepi at a constant temperature m melting ice, the equality of 
the pressures in T and $ being indicated by et sulphuric acid gauge 
G. By this means the trouble of reading the barometer is completely 
avoided, and by a most ingenious device the errors arising from the 
uncertainty of the temperature of the connecting tubes are compen¬ 
sated for and entirely eliminated. When the temperature of the 
thermometer bulb T rises, the air expands and passes through the 
□arrow connecting tube into the mercury reservoir M. The quantity 



of mercury in M is adjusted, so that the pressure in T is equal to that 
in any difference of pressure being indicated by the sulphuric acid 
gauge G f which connects S and T- The bulb S being kept in ice 
the pressure of the air within it remains constant, and whoti the 
gauge show^ that equality of pressure exists between T and .S, it is 
certain that the pressure in T is always adjusted to the tame value. 

The correction for the ea^iiicity of the tube joining T and M h 
eliminated by attaching to 8 an exactly similar tube (as shown in 
figure )> which has the same form and capacity, and which is placer! 
dole to it y so that the two have the same mean temperature through¬ 
out. By ibis means the conipeusaUou is rendered automatic,, and will 
he i>erfeet if (I) the two sets of connecting tubes have the same 
capacity, and are at the urne mean temperature; (2) if the mass 
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of air in the standard pressure bulb S is equal to that in the ihor- 
mometcr bulb T and the mercury bulb M combined;,^) if the 
preaatiree in T and S arc adjusted to equality. 

Thus if pt be the total mass of air to T and M ami the connecting 
tube and p its pressure, and if U be the temperature of T on the scale 
of the air thermometer and r ft« volume, while 0 t atid r r 0^ and r* 
are the corresponding quantities for the connecting tube and the air 
space in the bulb M respectively, we have by the law of Charles 



where R is a constant. In the same manner, if * denotes the volume 
of 8 and fj the volume of the tubes attached, ?rj the total mass of 
air contained, p the pressure, and & and *V the eorre*]>oiiding 
temperatures, we have for this system 



»o that if m = m\ and p - p\ and if the temperatures 0j and 0/ and 
the volumes r L and of the two sets of connecting tubes are the 
same, we have 


GO* o 


If M and S are both kept in melting ice, we have further 0 S t *' - 0 * 
and hence 

»’V'v 

or writing T t S H M, for the volumes of the air in these bulk the 
formula becomes H 0j,T (S — M), so that ihe influence of the cun 
Heeling tubes U completely dim united. 

The volume of the standard pressure bulb 8 may also bo adjusted at 
pleasure by means of mercury T and in this manner the pressure imy 
be varied and the behaviour of the gas investigated at high tern pern, 
tnres, and the indications of the instrument reduced to the absolute 
scale of temperature (Chap, VIII, Sec. iL). 

If the volume of the connecting lube is small compared with that 
of the bulb T s a small difference of pressure will not lead to any 
serious error, and on account of the compensating tubs the connecting 
tube may be made long and flexible, and the bulb T may be placed at 
a convenient distance from the indicating apparatus, w hich is a matter 
of jrreiit convenience in many derations. 

For moderate ranges of temperature the auxiliary bulb M may be 
dispensed with, and the sulphuric acid gauge G may be graduated so 
as to indicate the difference of tem|X3raturo bel ween T and S directly. 
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Tri ordinary use it would be inconvenient in keep f he bn lb 8 always 
at a fixed temperature, and this may be avoided by adjusting the 
volume of sulphuric acid in the pressure gauge, an that It* expansion 
may compensate for the dilatation of the air in the standard pressure 
bulb, a compensation which can bo effected with sufficient accuracy for 
moderate ranges of temperature* Such thermometer^ Prof. Calleudar 
states, are “exceedingly convenient and satisfactory for rough work at 
temperatures beyond the tenge of mercury thermometers. They can 
be made to read easily to the tenth of a degree at 460 C. k and if 
properly com f hen sated their indication*-' are very reliable. Such a 
degree of accuracy is Amply sufficient for most purposes, and the 
absence of all necessity for calculation or correction of thus reading* is 
a very great advantage.” 



I'4L 21. 


[The actual instrument is shown in Fig. 24. C is the compensating 
lead and the olher letters correspond to those of Fig. 23+ In netting 
up the instrument, after the bulbs and connecting tubes have been 
calibrated, the masses of gas on the two sides arc adjusted as nearly 
iw possible to equality, which is done with all the bulbs in melting 
ice. The bulb T is then heated in steam to determine the funda¬ 
mental interval. A weight w of mercury is removed from the over¬ 
flow bulb M to equalise pressures again r Let W be the weight of 
mercury required to fill the bulb T at 0 C tJ and W tfW the weight 
of mercury al 0 C. which would fill a volume equal to that of the 
bulb in steam. Inferring to the last equation on the previous page, 
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we see that when 0 0> then t 1 ' - r 2 = r. Now if * becomes r 4 

in steam (due to the expane ion of the glu&s) and r. becomes r, t + Ac a 
owing to the rein urn I of mercury, we get 

ft _ ? + ff tf = vv% S W 

l> n f - ATj W-tf 1 

ko Lhai we have the followiug equation for determining Hio coefficient 
of expansion a or the Fundamental mny i ) tl — 


ft i> e fl _w*«w 

*K. e n iv ie p 


(ft - 100) 


Similarly, if H to any other temperature* and w ihe corresponding 
overflow, we get a precisely similar equation to determine & in terms 
of 0 -r The oit-gauge is observed with a enthetometer microscope; 
no observation of the barometer or any memory column to required, 
the only measurement necessary being a weighing which tan l>e made 
at leisure, 1 ] 

92. [Standard Hydrogen and Nitrogen Thermometers The 

temperature acale adopted as the standard by the International 
Bureau is defined as the centigrade scale of the constant volume 
hydrogen thermometer* having as fixed (joints the temperature of 
reeking ice tn and that of the vapour of distilled water in ebullition 
under the normal Atmospheric pressure (1Q0 ) j the hydrogen being 
under a procure of one metre of mercury when the temperature to U * 
The improved form of manometer used U represented in Fig. *25, 
The bulb of ihc thermometer consists of a cylindrical vessel of iridio- 
platinum, somewhat over a metre in length and 36 mim in diameter. 
It is connected to the manometer by a tube c 1 metre in length and 
0 7 nun. in internal diameter. 

The pressure to which the gas to subjected eoimste of the at mo 
spheric pressure* given by the barometer; and an additional pree&uro 
due to an open mercury manometer, Jn general, this would entail 
four readings of mercury level, but by combining the barometer and 
manometer* the readings are reduced to two. The manometer is 
composed of two tubes m, nt\ The stem of the barometer B dips 
into flu The tube m is made up of two portions which are not in 
direct communication, but arc connected to m above anil below 
respectively* The two parte of m' arc separated by a piece of ateel P* 
It will be noticed that the three surfaces of the mercury are all in 
one vertical line, Their rendInga are taken by means of three fde- 
Ecojrtfl all sliding on the pillar of a cat lie tome ter (not represented 
In i he figure}. In order to find the pressure of the gas the levels 

i Jfoctft. Brti r¥ article TWnnwirfrji. 
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of only the iip|*er and lower Hirfacw non] 1 m? read. Four, auxiliary 
thermometer^ servo to determine the temperature of the apparatus 

CatcuMs&n f* = T ohmw it O' of Hid g&o. in tin? bulb, 

viucan fcitflirimt of^i-emhmn of Hie matr-rial aftiii. Mb l^twee-is 0 

and TV 

— coefficient of ^xpati^ioEL uf tins £ii.h ortrtn the volume \& ptHWiant. 

= v&Iuiub of tlic "d'uul spue, 11 it, cAbnratiflj’ tube, efcp. 

= temfFeMliire of tbe Ute In the dmtf jjh«. 

-illitl*} ptutnun? of t h l l gai at O’* 

H, + A = prftniiro of t||« K us it T\ the towjiemture to be UK is and. 

A =fcK)lliciMt «f httrui] priHsUta of JVBcrvuir, 

The mtm of the gas in the apparatus when ut 0 ia fulling the 
density under standard conditions as unify) 


3 


r 

/ 


( 


V.. 

• i+ajfum' 


* nd th ° masw, when at T , is represented by t he explosion 

jVjl + JTpyfcA , II4+* 

I I i-o p T I t»/l 7 fi 0 

Equaling these two, we get 


whence 


v u _ IIiCJ + *T)+Ml<H. +*) ■* 

!,M|1 ”' + i“ v’ 

Ai 1 1 + b,,T 
H s Vj 1+V '** 


.!!„*• A VV1+JT) + AA 

II V,. 


Hy menus of this formal* wc may determine the value of <t p 
between two known temperature#. 0 and IU0 for example, using the 
method of successive approximations. Having found n,, and substi¬ 
tuted its value in the equation, we may use the formula to determine 
any temperature T. 

Corrections have to be made on account of the variations in the 
volume and toiiijwinturo of the dead space which occur when the 
temperature of the bulb is changed. For a complete account of the 
observations and corrections required, the student is referred to 
Guillaume s TherMom/tri? tlr Priritioii. 

Instead of using iridio-plntimmi, the bulb of the thermometer may 
be made of hard -I com glass or of glazed porcelain. 

10 ft l*out 500" C. the hydrogen thermometer is perfectly satiV 
m*«*t for factory. If, however, the temperature is much above this, hydrogen 
frcel - v th ™ ll S h f I>“ plntimim. The difficulty is not get over 
by substituting glass or porcelain in the material of the bulb. Glue 
is not sufficiently refractory to be used at high temperatures. Porce¬ 
lain is not gas-light unless glazed, and the ghuee begins to melt at 
11IK) C. At high temperatures both glass and porcelain are acted 
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on to some extent b y 
hydrogen. For these 
reasons, the nitrogen 
thermometer is sub¬ 
stituted for high tem¬ 
peratures. 5 A porce¬ 
lain bulb may be used, 
but the beat material 
Is iridfo-platiiiiiiit, 
both on account of the 
higher range and be¬ 
cause its expansion 
follows a snore regular 
law than that of porce¬ 
lain. 

According to the 
ex|joriiuents of M. 
Ch&ppma made with 
a gas thermometer 
whose bulb wslb of 
Merlin porcelain, the 
coefficient of expan¬ 
sion of nitrogen dimin¬ 
ishes more and more 
slowly ns the tens pent' 
lure rises' approaching 
a limit at almm 75 G, 
the limiting value 
being 

&nm =0*003 S73S&I 

Above 75 C. nitro¬ 
gen appears to behave 
as a perfect gas, the 
coefficient of expan¬ 
sion remaining con¬ 
stant at the above 
value. Assuming thi* 
to be the case, M+ 

] CUwppiUts Jfaff.i 
Out mni Fi\ b. IflDi 
Hclbdrb ainl DnV. Xitttr+ 
/tiini, M, ^pt 
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Chappuis shows that a nitrogen thermometer whose pressure at 0 C, 
is I metre of mercury h equivalent to one whose pressure at 0 CL is 
1 00008G metro, and which behaves as a perfect gas from 0 C H 
upward, having Lhe foregoing coefficient of expansion. He gives the 
following corrections to be applied to the readings of the nitrogen 
thermometer in order to ret luce them to the normal hydrogen scale ?— 


100" 
: m“ 

300” 

400" 


11-ncsalB - S-M-jik 
Ir il \ m ] ]iTW*a, -- | JtidLti*, 
0 -000 
0 t!2S 
OOiJ 
tF 0*0 


pa 


These differences nrc so mm 11 that they are of less account than 
those due to other sources of uncertainty. 

Mosers, llolborii and Day used a nitrogen thermometer 
with il bulb of iridio-plaiimini (20 per cent indium, B0 per 
cent platinum). This could be used up to 1300° C. 
Nitrogen does not pass through the platinum walls at 
high temperature^ The bulb was heated by an electric 
current 13owing in a nickel wire coiled round a thin porce¬ 
lain tube which surrounded the bulb.] 

93* Vapour-pressure Thermometers. — A system of 
thermometry in which all delicate measurements of change 
of volume are avoided may be founded on the observation 
of the pressure of a saturated vapour. The pressure of 
a vapour in contact with its own liquid depend* only on 
the temperature, and is independent of the relative pro¬ 
portions of liquid and vapour. If, therefore, the pressure 
is observed by some mean*, and if the data are known 
which connect the pressure with the temperature, we are 
furnished with a tbertnomemc method of great range and 
delicacy. A simple form of vapour-pressure thermometer 
h shown in Fig. 36. The bulb is partly filled with a 
liquid free from air, and the remainder of the bulb is 
occupied by it* gain rated vapour. The liquid also partly 
tills the tube and acts a* a manometer, the pressure of 
the vapour in the bulb being greater than the pressure 
at the upjwr surface by the weight of the column of liquid, 
whoso height is equal to the difference of level of the liquid 
in the bulb and tube respectively. If the atom is closed, 
n ud contains only vapour of the liquid above the upper surface, the 
pressure will he determined by the temperature of this part of the 
apparatus. For this reason the stem must be jacketed with a bath 
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kept at sotne known temperature, any that of melting ice. The 
vapour-pressure in the stem ia by this means kept constant, end the 
temperature and density of the liquid in the stem are also kept 
uniform, as well as the surface tension of the liquid. 

The stem niay t however, he open at the top, and the pressure 
determined by a reading of the barometer, or it may be dosed and 
contain a gas whose compression registers the pressure, or it may 1» 
connected to any form of pressure gauge. 

For high temperatures mercury may lie employed as the ther- 
mometric substance, and for low temperatures aulphuroufl add, but 
in all cases the bulb must Vie made of a material which is not attached 
by (he vapour or liquid. For example* water vapour attacks glass at 
elevated temperatures. 

The importance of this system of thermometry has been insured 
on by Lord Kelvin, 1 who considers it destined to l>e of great service, 
both in the airictest scientific thermometry » well as in a great 
variety of useful applications The consideration of the data neces¬ 
sary to the estimation of temperature by this method will be entered 
into later on {see Chap, VIII.). 

94. Comparison of Thermometers.— [Mercury thermometers arc 
compared with the hydrogen thermometer by immersing them in the 



hath in which the bulb of the latter is heated. A mercury thermo¬ 
meter which agrees with the hydrogen scale at 0 and 100 will not 
agree with it at intermediate temperatures. With all ordinary kinds 
of glass the greatest divergence is exhibited at about 40 C In the 

1 Art. " Hem, 1 ' Eney* EriL 
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case of ft thermometer of rerre r htr tlie maximum difference is rather 
more than one-tenth of 1 C. For accurate work with a. mercury 
thermometer, if standard temperatures are required, the instrument 
must be directly compared with the standard hydrogen thermometer 
and a table of corrections drawn up. 

The preceding figure, taken from Guillaume’s Tkrrmmnr'tritt 
shows the divergence between three kinds of iimreurv-in-gluss thermo¬ 
meters, a carbon dioxide gas thermometer, a nitrogen gas thermometer, 
and a hydrogen gas thermometer taken as the standard of reference.] 

The following table shows tlm deviation* of tin ordinary alcohol 
thermometer from the air thermometer, after Jolly. 1 A similar com- 
parisem ha* been since made by Mr. A. C. White, 4 with substantially 
the satne results j— 


Alt nwinutisiH-ira-. Alrtriid. IH rr«vnre. 


- - r-ai o*M 

-II 02 -10 ' 7 H i 

- IS ’2S - 14 '41 0^4 

- I* -18 ^2 \ 

7W '41 - 70 72 y-7u 


Extrci&s 

L If Lbs tbrnnomdtric stilfcitrinoe obey* %]r r 6 hkw t aqd If change of tempts 
ttLr '- be Lftlcfii proportion*! to ablPgttl uf pn^Urn at mutant rflltlino h shot* that 
the ch*r*ot«ri*Ue i>]lintion of tha KMl^iAiit-tj i.i ^r= iiW„ 

{A* ill Art. £3 WO }jAVr* fcl df n C1T 


e=p#rl 

tiui tvro of tOH3|H>r*lmna Wing that *1 which the pramur Lh zero. and the light-hind 
member of flic equation is «Lw function of jd nod r which remains ooiibtHut *1 
constant H?Euj»raluTH F namely pv r therefore in proftfirdomi to r t ete.J 

2. Find til* clivdcterittlq cf(i|!iEioii of u aubsta ae* which, when wd u a thermo ^ 
jn**trif! *nh*Uner? r will give the meejo scolo af tempsnlurtp wbvLlmr it iadenij^n&d to 
lucasim- equaI chingM o t tamp*rmfctire by e^itnt ehmgcH of Tolumi? under conitaiit 

pnraura h or by equal changes of procure rU constant Tofeum^ 

lln ihe farmer case vfp \mve k a* before,, the tempera tun |wn3 jiorlicmn-l to the 
volume, or 


a nil in the aecnnd im-thod we knv* 


Q-PW r-Ju 


1 Jolly. ^N(t + JvUfbtind' lg7i 

■’■ Ap C, White. V j'lh', ./ merieu ™ Awiflrmif of ■HT'rfi nW .VtffrjtMjr,, roL nj, ■,| j 
p. M*v 1 &S 5 * 
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Hence if Cl is to be tike sank* 1 in both cuen we mmi luvi* 


or 


ftp) _i 

v 


Tliflt is proportional ti> jj *nd # !*:■ to i* p iiii'I therefore the substance obeys 

Boyle's law.) 

\l. If p t and Jjc the densities of two gu« under the same prelim* am! at I ho 
*am*! temperature, show that 


jLet T lie the volume of unit Ui4*i of a gas of dandly p r then pr= 1, so that the 
equation ;^= KtJ twotoueo 

J|-Ke, ot /*k-£- 

Hvlicc if different g«r?. are al the same Lemptiratun? ami pretiaUfB, wv have 


P|H t “ftKa-iJUf, = |. 


Fur air p=Q J G01i!93 when jr5=?60 em_ of nienimyzTO^ grumjjio |^r square 
tentimctre = I 3 x hg 1 in dy iuhs v * cm. T1i* refnrc 


K 


lm^Mi 

FmTSS* m 


ikicp. 


For any other ga* the valllr of H will !.*< found hy means of like relation ratals 
liihed above, that U by dividing the value of K for air by the rotative d,.unity of 
the gas- Tfcie density of nitrogen relative to air is O’DTlSi* am I the value of R ^ 
For oxygen the relative density is riQMS, Slid the value of It is 
2507* HP* For hydrogen the relative density ii dDOPSti, and the value of H is 
4146x10*4 

4. If the different parts of a gis, having Volumes r jK etc., Ew at tempera* 

tufM % etc., and if in any other condition the *ame partfl have volume* t t \ 

*V, tj T At temperatures Bj\ &J r 0, J , eln. p allow that 

vf’ld'l - *tPl. r i 

"B| 

^Tlie UM* of the whole volume in anil a]*o EftW where ft is tlm density of 
[he vulumc v 2 under the press Lire ft and at the temperature 0 t , ami pj the density 
under JI| 3 and B t \ Hedcp wo haw 


But 




Adh »,. 

A. «/ 


etc. 


Tben-fvm by HuhatitUliun We haw 


vm-^4 


5. If a gv-H departs from Bcylo's Iiw T show how tooilculat* the temperature* of 
a constant volume air tlnTniomettr fronk obfwmtlatu on a constant pressure 
instrument. 
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PYBO^IRTliV AND LOW TEMPERATURE THERMOMETRY 

95, Measurement of High Temperatures. —instruments do- 
signed for the measurement of high temperature*are culled pyrometers. 
The accurate 0 -arimat Eom of delated tempera tores 13 a task of no 
ordinary difficulty and for thin purpose the variation of almost every 
physical property of matter with temperature has been proposed. 

The range of every thermometer is limited by the nature of the 
materials with which it k constructed. Thus at high temperatures 
liquids boil* and at low temperatures they freeze, and even if this 
did not occur, an upper limit to the range of any liquid or gas ther¬ 
mometer is presented at ihe fusing point of the material of which the 
'envelope is constructed. 

The ultimate practical standard of reference in pyrometry is the 
hydrogen gas thermometer The method of measuring temperature 
by the change of volume or pressure of a gas having l±een once 
chosen, all other instrument^ for measuring temperature must lie 
standardised by either direct or indirect comparison with the hydrogen 
thermometer* if their indications are have any intelligible meaning, 

[The general principles on which the measurement of high tempera¬ 
tures is based are the same in all the methods employed. The 
variation of some property of matter with temperature is carefully 
studied at ranges within which the gas thermometer or standardised 
mercury thermometer can he used, and some mathematical funnula is 
devised which will reprcpent the phenomenon. It is assumed that 
the formula holds good at temperatures beyond the range of the gas 
thermometer, and hence the variation of the property of mat tor under 
consideration can be made use of to measure high temperatures by 
extrapolation- 

There is always some uncertainty attached to the 11 Bt of extra. 
I>olated formi i I to. On this account it is important that the property 
of matter selected should vary according to some simple htw T hs such 
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Eg more likely to be accurately expressed by the formula. The best 
verification of the law assumed for any thermometer is the agreement 
of that thermometer in the measurement of any temperature—say the 
met id rig-point of gold—with thermometers Indeed on other systems of 
measurement.] 

The pyrometer of Seville and Trooat 1 b u modified font* of air 
thermometer furnished with a porcelain bulk A gla*s Imlh cannot 
be used for high temperatures on account of the fusion of the gloss, 
and platinum bulbs were found by Seville and Troost to Ije perme¬ 
able to at high temperatures- The porcelain bulb i* Idled with 
dry air and placed in the furnace* and when equilibrium of temper- 
a tuft is attained the stem is sealed by an oxy hydrogen liatnc- The 
ap|jaratiLs ia then allowed to cool and the end of the stem is nipped 
olf under mercury 1 so that the mercury rises into the bulk 'The bulb 
is then depressed until ihc mercury stands at the same level within 
and without. The stein h now dosed with wax, and ihe apparatus 
removed and weighed, with the mercury it contains. It k afterwards 
completely Idled with mercury mid weighed again. By this moans 
the fraction of the gas which escapes by expulsion while in the furnace 
is determined, and consequently the whole expansion under constant 
procure Is known, and the temperature of the furnace determined 

The pressure of the residual air Instead of j w volume may be 
determined when it hat cooled. For this purpose the bulb is pro^ 
vided with a lung fine neck and a tap, whieh communicates with a 
manometer. This tap is left oj>en while the bulb i* in the furnace, 
and is’dosed when the fimd temperature is reached. The bulb is then 
allowed to cool, and the residual pressure determined by connecting 
it with the manometer. 

To complete the accuracy of this instrument, it is neceftsacy to 
know nhe coefficient of expansion of porcelain, and any uncertainty in 
the value of this coefficient will limit the accuracy of [ho indications of 
the instrument. All uncertainty from this cause disappears in a 
vapour-pressure thermometer, in which it is the pressure alone that is 
to be measured, anti not the volume or the pressure under any given 
volume. 

We shall now consider some of the various methods which have 
been proposed for ihe estimation of high temperatures 

96. The Method or Cooling. —One of the earliest attempts at 
pyrometry was shat of Newton,* in the estimation of the temperature 

* Dt‘Yflle atid Tnwet, A*». *k China 4 *U FhijnqM* '•* ^n* P lMI1 - ]vili - P- 
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of red-hot iron. The method employed cOpsiEtod in observing the time 
required by the heated mass to cool under given conditions. Assuming 
u certain Saw of cool trig to hold Lit all temperatures, then by observing 
the rate of cooling at known temperatures, the data necessary to 
estimate the initial temperature may be obtained from the time of cool- 
Ncwto^'i i n g to gome other known temperature* The law assumed by Newton 
cuu]ir^. waa t * jnt the rate of cooling of a body under given conditions is pro 
portional to the temperature difference between the body and its 
surroundings, and ibis law Inis since passed under the name of Newton's 
law of cooling. 

If such a law were found to hold accurately at all temperatures 
within the range of our standard thermometer, then such an agree¬ 
ment might warrant thu use of the law and methods founded on it to 
extend the scale of temperatures beyond the limits of the standard 
thermometer. No such agreement has, however, been found, and it is 
only for very moderate differences of temperature that the law appears 
to be even approximately verified. In this case, then* the application 
of the method to the measurement of temperatures beyond the range 
of standard instruments would be illegitimate and unreasonable. 

97 r Pyrometry by Vapour Densities.-—The direct observation of 
the deusity of mercury vapour was suggested by Eegnault 1 sis a 
method of estimating high temperatures. Some mercury is placed in 
a wrought-iron flask and exposed to the temperature to be measured. 
As iho mercury hoik away the air i* expelled, and the Hash is finally 
left filled with the vapour of mercury at the temperature of the 
furnace. When temperature equilibrium is attained the mouth of the 
flask is covered with si lid, so that the neck is dotted and the flask is 
allowed to cook The vapour condenses, and the liquid mercury is 
collected and weighed. Assuming the vapour Ui obey the kws of si 
jierfeet gas t the temperature may 1^ easily calculated from the known 
density of mercury vapour and the volume of the fla*k corrected for 
expansion. A porcelain flush furnished with a ball stopper may be 
used instead of one of wrought iron. 

The vapour of iodine lute been used by Deville and Treats t for the 
same purjmse. The iodine was enclosed in a porcelain flask of about 
300 c.c. capacity, furnished with a fine stem, which just protruded 
from the furnace chamber. The nozzle wu$ closed by a loosely fitting 
stopper, past which the vapour could escajje. When the iodine was 
completely vaporised ami equilibrium of temperature established, the 
stopper was fused into the nozzle by an oxy hydrogen blowpipe, The 
weight of the iodine still remaining In the flask was determined as 

I Hi-giuult, Ann. dt Chimi * 1 ei dr SF, trio. liijj. p* 3^ . 
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soon as it cooled* and the volume of the flask and the density of 
iodine vapour being known, tbo toniijoraiture of the furnace was 
estimated. Thu correction for the expansion of thy flask wu made 
by noting the elongation of n rod of porcelain for temperatures up to 
1BOO° C. 1 

08. Siemens's Pyrometer—The eleetrie resistance of & metallic 
wire is found to increase gradually with the temperature, and conse¬ 
quently on this property a system of thermometry may ho established. 
The pyrometer invented by Siemens-depends on the change of the 
electric resistance of a platinum wire when heated. The wire (Fig- 
28) was doubled and wound on ft, cylinder of refractory fireclay, 
When thus coiled its end* were fastened to stout platinum wire* of 
such a length that their further ends arc never very warm, and these 
in turn were connected by copper wires to the binding screws on the 
outride of the case of the pyrometer. The copper wires were enclosed 



in a stout wroughtdron tube of about 3'5 cm. diameter and 120 cm. 
in length which projected from the furnace or other space who&e 
temperature was to be measured* ond formed a handle of support for 
the whole instrument* The ptniiniuu coil was enclosed in a sheath* 
of platinum or wrought iron, fastened to one end of the iron tube, and 
the coil was packed in this sheath with asbestos to prevent shifting. 
The mosr important point to determine is the constancy of the 
resistance of the coil at a given temperature* or if it will always he 
the same at the same temperature. A thermometer should be free 
from secular changes of its ze^ and it should sherefore be determined 
how much, if any* permanent alteration occurs in the resistance of the 
platinum wire after prolonged or repeated exposure to high tempera¬ 
tures* These points were examined by a committee of the British 
Association/ Denoting the resistance of the coil at 10 C. by R Jut 
and its resistance at 0 by R* the formula employed was J 


J [The iBC uf the fipour ufiodine in tbii m«tlc4 \% objnettdmbit* as iu i-x|#n- 
tk>n di>es iLut follow the lew for n perfect gas* oiring t£> the yf ibw iodine 

nnlecnl« into nnpl«r mol^uk at h^jh txpfpertrtanHLj 

* C. IV in. /'Ai/. j/riy- 'ol. itiL p. IW* 1S-71 ; kH‘ aUo Brit .iw/. JUpari t 

im. 

* Scp Bril, Ax*&t r Bwp&rt fur 1H7i 

1 [Tli* tarlbst forjuLili fur th« purpMfl of exjKrta&lDg tlin Trillion Mw#cn thn 
U-uiaUncf and temj^ntnr® of a metritiu wiru w*-. given by CtilViiUH. (I'WJ, Ann. 
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where a is :l constant depending on tins nature of the wire. 

In (he ewse of coils surrounded by a platinum sheath exposure to 
high temperafcures caused no serious permanent change in the resist¬ 
ance, but a considerable permanent increase of resistance was caused 
in those coils which were Enclosed in iron sheaths. These alterations 
were due to prolonged exposure to high temperatures rather than to 
alterations from high to low, and* as Frofe^or WilluimEfiii pointed ont n 
nrusc from a permanent alteration of the platinum coil mused by the 
combined action of the atmosphere inside the iron case f and the 
silica of the fireclay cylinder on which the coil is wound. Such 
permanent alterations of the resistance of the spiral of course destroy 
the accuracy of the instrument, mid it is obvious that the fireclay 
cylinder should be replaced by something less objectionable* or dis¬ 
pensed with altogether. With this view the thorough examination of 

vul. -civ,;, ISSSj on the iVMlItH oF os psriniciita road* by Al iii1l*cli. OUfliias found 
thftt to expurtmeuu tire reskLanca of 1Ire ordiwuy nreuh, with fh^ 

B xcr \itiolk of ttdu p could b< ■ repreM^litrd hy ih e formula 

E = R il {\ + 1 0Q3«M) 

where R in the raiiUnco nt & C«* and K* ihm at 0‘ C. If tLij.s formula mse trtre for 
all ranges of t-enl| h: future, tire praisbinw would Vatiinh at the Kb»Lntft ians* tin? Ilu-UiL 
becoming a ]H*rJVcL t^ndiitj tiir, 

Later eaperimimfo, hoWoV of* showed Lhat ttie above formula dora not n'prtireiJt 
tbe facts f-TtB lit ordinary tern jw nature* 3 

The ptohkiiu or the variation of ifli.vt.nral nai*tancc with temperature wm akn 
aitackt-il by Sir Win. Sienwiia* He? proved tliwt the formula green hy Matthii-wb 

lt«— R(t -0**0^ 

wan quite binjijilieahfa except bctwii-ti tile Limita D“ aw] ]00 J C. Hh OWE .:sp pri- 
nxenu led him to suggest the form uk 

t R^aOl t- 

but Lhi! mere recent expcriurenU of Lklh'tnlar h*v# pravriJ C.hut thin forreula dire* 
iio| represent tire results of observatfoA so well A4 a liapl* formula of the ordinary 

ty 

R=K*(i+■*+£*). 

The formula in lire r«it ia n |tarticuLnr case of llik in ffbEcii 10” 0. h uikvu loafonil 
of the ictt, 

SUmmii*'* h'X pera ciHMita were published in I hi* Tr^n^Ctifms nf the Soeirti/ */ Tflc- 
tjfii }iA AjipinWJ, 1815, They wore of a wrj rough ohntnotof, a ltd wt-re nudertaken 
merely with tin? object of graduating; a imniuremai py*owpter + 

Stamens applied the variation «f tli-C- MiUtoaM of platinum tw ifo* mrunmnent 
of dwpM'a ttiupcntnre*. Two <mih -of platinum wire of equal tv-isumot’ were em¬ 
ployed, One of i1k'n l 1m down to the bottom, and tire other vjti placed in 
a b:i|h p the turn |«rmlurr of which ttu Varied I 111 equality of rvstHfoiree wjm restored 
Ih-x often lire Ltdk Tlio U ! iii]H!mturc of the ha hot torn won then tire mine a* that of 
the b&tlu 
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iho properties of the instrument, Jiticl of its qualifications us a reliable 
standard of reference* was undertaken by Prof, CnUendar 1 with 
such favourable result?, that he considers the platinum resistance ther 
mameter not only a trustworthy iinstrument in pyrometry, but also 
that it possesses these permanent qualities which recommended ft 
specially a* a standard of reference in thermometry. 

99. Platinum Resistance Thermometers. —After a careful in¬ 
vestigation of the variations of the resistance of platinum wire with 
temperature, Prof, Callendur concluded that pure platinum wire, free 
from alloy with silicon, carbon, tin, or other impurities* when not 
subjected to strain or rough usage, possessed always the name resist¬ 
ance at the same temperature. Different lengths of the pure wire 
wore found to behave similarly, and their resistance* were not found 
to be subject to any permanent change from heating and cooling t pro¬ 
vided they were not strained or chemically altered. It therefore 
poggasm in a high degree the qualifications necessary to a scientific 
standard. Thus while the gas thermometer possesses several advan¬ 
tages us an ultimate standard it is practically impossible to use it in 
ordinary work, while the platinum thermometer, on the other hand, 
when once standardised by comparison with the gas thermometer, 
can bo readily used* Lmd may Ins subsequently employed w u standard 
of comparison for other thermometexu, and thus the elaborate precau- 
lions and special apparatus otherwise necessary for this purpose arc 
avoided. The practical difficulty in the comparison of thermometer* 
is the maintaining of an enclosure at a constant temperature, but in 
the standardising of the platinum thermometer this difficulty is avoided 
by enclosing the spiral in the bulb of the air thermometer. 

Assuming the simple formula R Rq(1 + it fellows that the 
tern [lent ure registered by the platinum thermometer when its 
resistance is R p will be 


** 


.100 


K ltn 
Kl 


This will differ somewhat from the temperature $ registered by the 
gas thermometer, because the assumed formula for Rie not applicable 
through any extended range, but Culkndar found that the difference 
of the indications of the two instruments may be represented through 
a very wide range wilh great accuracy by the parabolic formula 
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where £ is a constant to be determined for the particular specimen of 
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wire employed, and may obtained from a single observation of the 
boiling point of sulphur 1 or mercury, or acune other substance, whose 
boiling point 0 is accurately known. The first work of Calendar wae 
soon afterwards con finned by Principal Griffiths,* who found that 
the above formula possessed greater accuracy than oven Calleiiflar 
support 1 

In the form adopted by Griffiths the platinum wire was 
wound on a roll of asbestos paper, its ends being soldered to thick 
copper leads (communicating with binding screws) which for the sake 
of insulation were enclosed in narrow glass tubes. 

The great superiority of the platinum resistance thermometer over 
]iipiid-in-glass thermometers lies not only in its far wider range, but 
also in its comparative freedom from changes of aero. The wire when 
pure anil well annealed has til ways sensibly the same resistance at the 
same temperature, Thus while it is difficult to attain an accuracy of 
doth of i\ degree at temperatures as low as 200 CL with tt mercury 
thermometer, with a properly constructed platinum thermometer the 
zero does not vary by , ^Lh of a degree at any temperature up to 
faOO C., and in some of Cn I leu darn thermometers it was found not to 
change more than ^th of a degree nji to 1300 C. For t cm [>erat liras 
below TOC G. the coil and feeds may ho enclosed in a tube of 
dimensions similar to those of an ordinary thermometer, and the loads 
may be of copper or silver and the tube of hard glass. For accurate 
work at high temperatures platinum leads must bo used, and the 
whole must he enclosed in a tube of glazed porcelain* For insulating 
the cod and leads nothing answers so w r ell as mica/ Moat varieties of 
clay are apt to attack the wire at high temperatures, and the large 
mass of a clay cylinder reduces the delicacy of the instrument. The 
wire is preferably doubled on itself like an ordinary resistance coil and 
I ben wound on a thin plate of mica (Fig. 2 53)., the leads being insulated 
by being made to pass through a series of mica wails cut to fit the 
tube containing the instrument. This gives very perfect insulation, 
and prevent a convection currents of air up and down the tube. 

In order to eliminate thu effect due to variation in the resistance of 
the leads, a pair of c&mpenmtmgf brads, consisting of a loop of wire of 
the game material and dimensions as the leads, are included in the 
instrument, and their termirials connected tip so as to form part of the 

1 Sec f 'jdkiriar imd CmflUhl, FML Trani^ A, jl IS$S\ 
a E, n. tirtflith*, ^ Soc. T DRcentber 15SH3. 

s F&r tbis n^Q ft has bwn a]*o prcpowl by T- Eu mi mid W. \\\ HAldaiie 
te riaiue tbeHfl thermo-xostar* m* HNindAnti of eomjifljhieii fur liquid thsrttcoiatan 
(/Vtn a . AfcnduMer LU, I'hiL AV., 1S90 91, j ( . J&7i, 
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adjacent arm of the Wheats tone's resistance bridge, Thun an increase- 
in resistance of riio leads is balanced by an equal increase in the resist- 
a]tee of the compensating leads. By tins means leads of any con¬ 
venient length and flexibility may lie employed, and the 
observations will be independent of the length of stem 
immersed, L 

With a mercury i hennometer, on the other hand, some 
portion of the stem must be exposed to the air, and the 
correction arising in this respect is so uncertain that it is 
now often avoided by using a series of thermometers of 
u limited scale/' Each of these most have at least two 
points of its scale specially determined. This has been 
hitherto dona by means of substances of known boiling 
point* and freezing prints, but, as Griffiths has shown, 3 the 
graduation may he more easily and accurately effected by 
comparison with a single platinum thermometer. Thus a 
single platinum thermometer may be used to do the work of 
a whole senes of liquid-ics-gtftBs thermometer* with far 
greater accuracy and without the necessity of applying any 
troublesome and uncertain corrections, 5 

The method recommended by Callender and Griffiths 
for standardising ihc platinum thermometer is by the 
observation of the boiling point of sulphur, on the sup¬ 
position that the temperature of the vapour of sulphur 
boiling under 760 mm. pressure is 444^53 C. on the air 
thermometer, allowing 0*08 2 C. for each mm* of pressure 
different from this. This temperature of boiling sulphur 
was obtained previously from a series of very careful ex¬ 
periments. 1 

Thus when and K lttJ( have boon determined as well &b 
R fur some third known temperature (the boiling point of sulphur), then 
tf F fur this temjjCFHLure'bocomescompletely dutcruiined T anrtbysiriKtitiH- 
ing in the formula for 9- 0^ the value of & is deduced. The deter¬ 
mination of the resistance in boiling sulphur is attended with difficulties, 
and requires a special app&rtitiiB, hut it has been recently shown by 
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* For a foil description of butnuaeat and the irm^tnciLt of l3ic Wheat- 
stornYf bridjgc T w« no uiiclfl liy E, fl. Griflitki in Awfuir, Xtiv. 189ft, p 39, 

1 E. H. Griffith Brit. A jkhl fopert, ISM* 

1 Calkiidof A m3 Griffith*, FhiL Trttt r*, h 1391, A, pp, 119-1G7» 

* A n ifriw of experiments with thf* instmenunrt on ill t mid Hug paint 

of silver lias bian dewritwd hy Prof. C*1knd*r lu tfvu PAifamfikimi Feb. 

18B^ p, 2*20, [Chajlpuia gi ve* for %hc boiling jwitat of sulphur 114 a J G,, w hiflli ftgTMi 
well wiltk the- above, 1 
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Griffiths and Clark that fin* determination may he avoided by ossum* 
ing, in accordance with f ho observations t>f Dewar and Fleming, that 
the resistance of certain pure metal* (including platinum) diminishes at 
low tempnmtures in such a way as to lead to tho cohclnzdon that at 
absolute zero it vanish**. 1 This gives R 0 when 0= 273, and 

consequently when a high order of accuracy is not a mu* tjtm new, and 
when the Spiral h known to be tolerably pure, this value may be used 
with 3 '..and R |0fl to rletermiric i\ ami the i list rumen t can be graduated 
by direct observation! of K in steam and melting ice alone.* 

Another form of resistance thermometer is that described by Mr* 
W. N. Shaw. : In this instrument one arm of a Wheatstone 1 * quadri¬ 
lateral is a platinum wire and the other three consist of platinum-silver 
wire. The platinum wire and the alloy have different temperature 
coefficient^ and consequently t if the arms of the quadrilateral are so 
arranged that a balance exists at any definite temperature, then at all 
other temperatures equilibrium will be destroyed, but the balance may 
l>e restored by ah turling the platinum arm. This can bo effected by 
competing a resistance box in a suitable manner with the projecting 
leads, and tho resistance of iho shunt required to produce a balance 
may be employed to indicate the temperature when the instrument 
has been graduated. The wires of the quadrilateral are laid side by 
side and enclosed between two strips of india-rubber, so as to take the 
form of a narrow flexible ribbon which can 1 ms rolled round a cylinder 
or burette, tho mean temperature of which is required. The gradua. 
lion wiis effected by winding the ribbon on a metal cylinder, and 
immersing the w hole in ice or a water bath, and hiking readings at 
various temperatures. With a suitable galvanometer a variation of 
about y 1 1 '| of a degree of temperature may be detected* 

100= Calorimetric Method. — The determination of the melting 
point* of refractory metals by calorimetry has been studied by M + 
ViftUa. 4 Thi* method is convenient, and often employed to determine 
e he temperatures of furnaces* For this purpose the law of variation 
with temperature of the specific bent of some metal, micji ns copper, 

1 K II. Griffiths ami G. \L Clnrk, rkit May. vol. xxsiv. [». fia.t, ISS2, 
Sim-, bownvi'f, Art. tCH. 

* lA high degnse of Accuracy uu£ 14 t ■tttiinod with platinum thermauMtrra 
nut wo special prwantioiifl a™ iakt>n. Amount other- may lie mcntion^i the 
iiuirctiaitY fit keeping all |he re«i#t*ircp coik at a know ti uniform tnnijKiBtum A 
tulE aecotiiit uf the difficultly nh^uic-tmI in work of jifmid&n with pkchnLni ther- 
liLorufitcrs will ta found ifi the HO pun of the KeW Obetrvatory Conimittfcc, \>y 
0, Cl'iree, f J rw. AW. Vol. UviL t lflOQ.] 

* W T N Shaw. BtiL Jfrpurf, Until, p. £'M ( 1S9S. 

1 jfolffru, tom, luxi.i. p. JQ2, IS'y. 
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platinum, or wrought iron, must be determined in advance. A portion 
of the chosen metal ia then heated \n the furnace, and when It bits 
attained the temperature of the latter it is removed and placed in a 
calorimeter* The quantity of heat it give* out in cooling in this 
instrument is measured, as explained in Chapter IW, and from this 
experiment the temperature of the maaa of metal when [dacol in the 
calorimeter can be computed, This method subject to a serious 
error in the loss of heat which inevitably accompanies the transference 
of the metal from the furnace to the calorimeter, besides suffering from 
all the errors which attend such a difficult experiment a* the clcter¬ 
mination of ik quantity of heat by means of a calorimeter 

101, Expansion Method- Jol/s MeMometer.— 1 The mmuromimt 
of high temperatures by the elongation of a bar of metal hag been 
frequently employed* The first pyrometer of this kind is attributed 
to Muscheiibroeck, and others were devised in the early port of 
last century by Dcs Aguliers, KUicot, Graliatti, Smeaton, Ferguson, 
Bro ngn iart 3 1 ^ place and La vo-iMcr, and later by Pouiilet . 1 This m ethtw 1 
can be employed with accuracy only if (ho expansion is referred to a 
scale kept at a fixed temperature, ns explained in Art. 10^, and in thi* 
respect Fouil let's pyrometer is superior to those previously employed. 
In Daniel! s pyrometer the relative expansion of a metal liar in an 
carthenwarc socket was used, and more recently Stcinle and II art mg* 
employed the expansion of graphite. \\ ttinhohV however, after in- 
veatigatiug this class of instrument ata tea that it is not possible to 
obtain trustworthy results by the relative expuiifioo of solids. ^ ^3^ 
wood's pyrometer 1 depended on the contraction of a short cylinder of 
hue fireclay when exposed to a high temperature and then allowed to 
cool. Such an instrument, of course, could only give a very rough 
idea of the temperature of a furnace. 

[A form of high temperature thermometer, depending on ihc 
expansion of platinum, and ca|iable of considerable accuracy, ha* been 
designed by Prof. J. Jqly. a It is not intended for general thermo- 
metric work, its use being restricted to the determination of melting 
points and the observation of substances when exposed to a high 
temperature. For those purpoees it is more convenient than any other 
form of instrument, m account of the case and rapidity with which it 
can be manipulated, and the very email quantity of material required. 

1 Art. 44 Pyroitretryr £n*v* A'rtf. 
a brekert, Zeiixkr,/. An^L Ctenu ml, xsi., A, \k 2&4 a 1&S2. 
s Wiinliuli Atm. vol. rxliL p. 1S6, ctc. r l^iU. 

1 DtiKlfbed in FhiL JVn rn. T 1762, |i]>. 64, 6+5. 

* I'rpe. Irish JcwL toI- iL p. i!6, lSSI. 
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A* it is principally lifted to determine molting points it is called hy 
the inventor & mthiometer* 

The instilment consists of a reefcanguW piece of slate cut ns 
shown, Fig, :iO T on which are affixed two forceps one of which is 
rigid, mid the other free to route about & vertical axis, the lower end 
of which axis dips into a trough oF mercury, to ensure good electrical 

contact, Between 
tlie two forceps a 
platinum ribbon A A 
is kept stretched by 
n weak spiral spring 
attached to the axis 
of the movable for¬ 
ceps. Two binding 
screws at the Iwick 
of the slate are in 
connection with the 
two forceps, so that 
the ribbon can lie 
raised to any desired 
temperature—short 
of the nicking point 
of platinum — hy 
putting it in circuit 
with a battery and variable resistance. The temperature k esti¬ 
mated by the expansion of the platinum ribbon. To measure this, 
a flat steel spring K is fixed to the far end of the movable forceps. 
When the micrometer screw H is moved forward, its p la tin urn point 
makes contact with a small gold plate attached to the further end of 
K p and completes an auxiliary electric circuit through a galvanometer 
which is contained in the eye piece of the microscope 31. This affords 
a very delicate means of determining t he exact point at w hich contact 
first occurs, and the deflection of the galvanometer needle can Iw seen 
without removing the eye from the microscope. As ihc arm K. ia 
flexible, the ribbon h not broken by accidentally screwing S too far. 
The forceps a m lient over at the ends to allow of the trough T being 
raised so a# to surround the ribbon and exclude draughts. The cool¬ 
ing action oF the forceps on the ends of the ribbon i* compensated by 
tapering the ends and thus increasing the heating effect of the current, 
The substance whoso melting point is to bo determined is finely 
powdered, and a small portion of the pow r dcr placed on the ribbon. 
The temperature is then gradually raised till the particles, viewed 
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through th-e miiiroacope f arosEoii i® rfow. TIie instrument is calibrated 
b y observing the exgxiiiinmi lor a number of niibstauce^ whose melt!Tig 
[toilits arc known. 

102, Thermo-electric Thermometers. —When a circuit is formed 
of wires of two different metals,. and the junctioiH of the two metals 
are kept at different temperatures, an electric current will, in general, 
be produced in the circuit, if magnitude and direction depending on 
the nature of the metals and the temperatures of the junctions, 1 f 
one junction in kept at a steady temperature, '.y. by immersion in 
melting ice, tlio temperature of the other may be estimated by 
observing tht deflection of a galvanometer included in the circuit. 

This method wtut first used by Becquend in l$26, and afterwards 
more carefully studied by Tftit, II. Le Chutclier, and others.’ Tlie 
dependence of the electromotive force on the temperatures of the 
junctions was investigated by Tail, who found that for many metal* 
the thermo-electric power is a linear function of the temperature. 
The couple proposed by Tail for pyromotric purpose* consisted of 
platinum and all alloy of platinum with 10 p’r cent of indium. Is 
Cliatelier used a similar alloy, substituting rhodium for iridium. 

Two methods of measurement may be employed. The electro¬ 
motive force developed in the circuit may be balanced against a known 
electromotive force in a potentiometer, or the current may be 
measured by the deflection of a galvanometer. If the greatest pre¬ 
cision is required, the former method is preferable, as it is independent 
of variations in the resistance of the circuit] hut the galvanometer 
method is simpler and can be used to give a continuous record. If 
a sensitive galvanometer or voltmeter of high resistance is employed, 
the deflection will be very nearly proportional to the electromotive 
force, a* the resistance of the thermometer and leads will he only a 
heihiII part of the total r<,\giKiJince h 

Om of tbe beat forms of this instrument faM been deigned by Sir 
W, C. Robert a-A iistgik 1 Tiic couple consist* of platinum nml indict 
platinum. The two wires are separated by a Blip of mica and fused 
together at the ends. In some ease* the couple is protected by a thin 

' K. Bwawnd, Ann. <i* Cl»mu tl dr Ehsmqnt, mm. lxriii p. 4?, IB®. 
Jtmwtti, Ann. dt Chi mi* A ‘it PktuiqiU, 6". Mm xvii, p. 17?, IS?0. Tail, Ed in. 
M il, T rana vol. iivii. H- L* Chotelwr, JhinW. d< /%«■ 3*. tom, vi. [•, 33. IBS'. 

a'jj,* J. J. ThfllH son's EleMtnlt o/ BU&iatf nvi .Va^nrtiiM for » dbcil^ion of 
tbo lilienonwao of Ehn-'raie-etectficity- 

i a mil desorl(itloB is givcainsn »rtle1.i by A. Stsuiflcld, 1W. .Vnji., July 1»9S. 
Hr Suds that for ■ platinum .ind Iridlo-plitinma coupl* contact sloehwnetlvc 
fuf,.,. i s » Uncor ftmetwa of tbc temper* tare, wliilo the tiwnna-oJsctTK power ii 
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tube of porcelain or. fireclay. Ii can be rendered more sensitive by 
keeping the cold junction at a moderately high temperature* such as 
that of boiling sulphur instead of melting ice ; for if the whole interval 
of temperature is diminished, tho variations are relatively greater. 
For measuring constant temperature* the null method with a putentio- 
meter h used ; (or obtaining continuous records a mirror gal van o- 
meter is used, a sjmj! of light being reflected from the mirror on to 
photographic paper* which is kept moving uniformly. In this way 
the carves of cooling of various metals during solidification have been 
obtained by Stans Hold . 1 

Fig. 31 showR a simple form of instrument with a galvanometer. 

The couple is protected by a porcelain tube 
which cun easily be removed. Inside arc 
two small reels of platinum and iridio- 
platinum wire* so that if the couple should 
be destroyed at any time, it is only neecs¬ 
sary to unscrew the reela T pull out a little 
wire* fuse tho ends together again* and the 
couple is ready for use. In this simple type 
no special provision is made for keeping the 
cold junction ait a uniform temperature. Each division on the scab 
represents U) C, 

Thermoelectric thermometers are not capable of snub accurate 
measurements as resistance thermometers, fire less reliable than the 
latter* and should lie (standardised at intervals. Their cost is le&w, 
however* and there is no institution difficulty, so that they cant easily 
be used dp to I bOO (X, which is a higher temperature than resistance 
thermometers ore usually constructed to withstand. The tag also is 
less thim in resistance thermometers, @o that they are specially adapted 
for giving continuous records of rapidly varying temperatures, 

103. Other Methods .—An optical pyrometer, based on the varia¬ 
tion of the refract! vity of h ga£ with temperature, has been proposed 
by IX iJertheloL 2 If is thu index of refraction of a gas, then j* - 1 
is proportion*} to she density Uihidstone and Dale's law. J&tory 

of lAfjhh Art. 84). This law hits been verified by Chiippam and 
Riviere for pressure change^ and by Baoolt an* well a* by Chappuia 
and Kivi&re for temperature changes. If now a beam of w hite light 
is split up into two, which arc allowed to pfwi through two tubes. And 
then caused to produce interference fringes, the central interference 

1 La^ riL 

1 tWjuto ftenriu*, April 1SP5. Thu vuriiticm at rofnctiritv el* para with t^rn. 
liu bern Ntwlictd hy <1, W- VVaJker Tntri**, A, vtd. ucL, 1W3). 
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Hand will lw> displaced if one tube is heated. I»v altering the 
pressure ill the other tuHo the Imnd ran la' restored- Ihc alteration 
of pressure in the cold tube gives a measure of the temperature of the 
hot tube. This method could Ijc applied to the weaeuremWir of very 
high iciti|M‘r:ilures. The chief objection to it is that the ends of the 
tube would be cooler than the middle portion* Bert helot pmpoew to 
eliminate the end effect by making experiments with tubes of different 
lengths, and finding the displacement due to the middle portion alone 
by difference. It might, however, not always be |K>s*ihtc to apply 
this correction. 

The viscosity of a gas increases with temperature, the volume ilwW 
increases with temperature if the pressure is constant if, then, gas 
under pressure be allowed to e«npo through n capillary tube, the 
rate of efflux will decrease rapidly with temperature, Tlu- rotation, 
however, does not appear to be a very simple one. 

Pyrometers founded on this principle have been suggested by 
Bams i a ,,d later bv Calendar. A simple form of apparatus designed 
by A, Job * is the following. Gas is liberated by electrolysis in a 
closed vessel, the only exit lieing by a capillary tube. The g» being 
disengaged at a uniform rate, the pressure, which can be measured by 
a manometer, rises until the efflux is equal to the rate o! product™ 
of the gas. When a steady state is attained, the pressure gives a 
measure of the temperature of the capillary tube. This instrument 
was graduated by comparison with the thermo-electric pyrometer of 


[,c Chatelier, , . . . . 

A very interesting form of apparatus is Prof. UBeadar* GUtm-lsr 

lm B alance * The idea of measuring the resistance offered to the How 
of a gas through a small nurture by an arrangement similar to the hum. 
Wheatstone's bridge in electrical merauremenU was first suggested 
bv W. N. Shaw. The complete analogy to the platinum red stance 
thermometer wan carried out by Prof. Callander. The Hue wire 
resistances are replaced by ft graduated series of fine tubes, which can 
be short-circuited bv taps of relatively large bore reminding to 
plugs «>f negligible resistance. The galvanometer is replaced by a gas- 
current-iudiretoH Of rheostat, consisting of a delicately suspended vhuc 
which would be dollceted by a current of gas. The pyrometer consis ts 
of a line platinum tube. A steady How of gas being kept up through 
the apparatus, if the platinum tube is heated, an increased resistance 
is offered to the passage of the gas, owing to Us increased volume and 


1 Gial&ijvrtti Surwy *>/ t - IB&B- 
3 Cq mjttfi IvtndliJ, Jail. 1&02, 
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viscosity. This* eansei a deflection of the vane, which can Iw balanced 
by shutting off some of the short-circuiting taps in the adjacent arm of 
the bridge, 1 ho resistance due to heating i* thus measured, the 
temperature deduced. As in the easts of the platinum thenmmistsr, 
the pyrometer is provided with “ compensating leads." 

In pottery works Prinsep's alloys have commonly been used to 
determine the temperature of the furnace {ace p, 97), or Soger's 
" normal pyrometric cone#.” 1 These latter are coins of fusible clays 
of graduated melting points, like Prinaeps alloys. These rough 
methods are being superseded by tho use of platinum thermometers. 

The superior limit of tenijne rat tire at which the pyrometers here 
described can he used is about 1500 C. or l GOO C., often much less. 
For higher ternpomtures recourse must be had to methods in which 
the intensity of radiation from u heated body is measured. Tho dis¬ 
cussion of these method* will Ik found in the chapter on Radiation 
(ace Chap, VI.). 

1Q4, Low Temperature Thermometry.—In view of the import¬ 
ance which low temperature research has assumed in recent years, 
owing to the work of AVrobWski and Olszewski, Dewar and Fleming, 
and others, the need of some convenient and accurate method for 
measuring very low temperatures has been increasingly felt. The 
difficulties encountered are of a somewhat diiroreut nature from those 
which are met with in the measurement of high tcm]«ratures. The 
extru|Hitaiion has not to lie carried so far—absolute aero being oidv 
27IS below 0 C.—and there is no difficulty in finding a suitable 
material for the bulb of a liquid or gas thermo meter; but, on the 
other hand, liquids solidify mid gases liquefy when the temperature \& 
sufficiently reduced. Mercury freezes at US C. and alcohol at 
■ ill fSC., thermometers containing these liquids can therefore not 
be used for lower temperatures. 

A liquid-in-glass thermometer has been constructed by L. HoIIhjiu- 
whieli can be used down to the tciujieraturo of liquid air, The liquid 
used is obtained by distilling petroleum ether, boiling at 33 <J. r and 
obtaining therefrom a more volatile jwrtion boiling at about 20® C, f 
with which the bulb is filled. This distilled petroleum ether remains 
liquid, though somewhat viscid, at 190'C. It is not a definite 
compound, but a mixture of several substances. This is a dis¬ 
advantage, but its fluidity at such low temperatures is due to its 
being a mixture (sec Art, 17G), 

It in well known that gases deviate farthest from Hoyle’s law when 

‘ Then inijufaifrie -Skitu h*j, py, ]3£, UL, 1 rtt+, 19&U. 
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near liquefaction. and hence it might bv ^opposed that the standard Osm iH^r- 
hydrogen thermometer would become untrustworthy at teiaperinurct* 
approaching the liquefying point of hydrogen* Olszewski 1 has found* 
however* by comparing themometers containing oxygen* nitrogen, and 
nitric oxide with a hydrogen thermometer* that these gn*es tan bo 
n&ed to measure tein[>cmtureg near their liquefying point* with no emir 
of not more than IT CL Later experiments by PreL Dewar - have 
show ei that the discrepancy is considerably less than this. Two 
thermometers, tilled with hydrogen prepared (l) elecfcmlylic&lly arid 
(2) by disengagement from palladium previously saturated with the 
gas gave - 1S2 2 C. and - 182 7 C. as the boiling point of oxygen at 
atmospheric pressure* while a thermometer tilled with oxygen gave 
- 1S2 ■:*. The boiling point of liquid air by the oxygen thermometer 
was - L89 r 6 and by a carefully flLanckrdified gold resistanfle thermo¬ 
meter - 189* <7< Similarly the boiling point of hydrogen registered 
by I he hydrogen thermometers was - 2X>3- 0 and - 253 '+, while a 
he limn thermometer gave 2 5 2 7 and -252 S. These results 

indicate that a gal thermometer can bo relied upon even at the 
liquefying point of the gas it contains 

Platinum resistance and thermo-electric thermometers can also be KenintAnce 
employed for the measurement of low temperatures* and are un- X ^[" L * 
doubted]y very convenient to use. According to the experiments of 
Dewar and Fleming, 3 the resistance of all pure metals diminishes in 
BEich A way as io indicate that it would vanish or nearly vanish at 
afcolute zero {see Fig. 32), The resistance of an alloy, however, 
diminishes far less rapidly and may even increase. At verY lov 
temperatures the slightest impurity in a w ire of a single metal has an 
enormous effect in increasing the resistance, and hence, by taking the 
resistance of"a metal when immersed in liquid air* a very delicate test 
of St* purity is afforded, so much so that Prof. Fleming considers that* 
as an analytical method, it ranks almost with the spectroscope. This 
effect is very marked in the case of bismuth. 4 

1 Witd* ^hil, veL sisi, j" 

i Jfay r i'od veil. JifiiL, I&01- Till 1 atTdOiphurie pwMim 1 vuifJ ia tJiett 

« is. p'nmonn from 760'fl to 773* Hint. 

* puu. a* P t mx 

* Kuu^rliu^h Oiuh h hftft shown thu ltu L ftfrtu taiini af pilis nwtAU U 

extrcmftly smal3 at very Low ttmymmm* nti-! m the liquefying point of tsUiim. 

Ihr-te h ft fu rtber midden diminution of roshUmcc, so that in a circuit of pure 
mmwy+ for ix»tmooe, n tiiurotU will circulate for hours without the Application of 
aoy ukvtratUOtiVf powar. Uolitun liquefies *t The anpra-codductlrs 

tttatE, as it is called hy Otilioa, dlHppun U* » strong magnetic field. For an 
■ctiaqnt of theoriefl of dffltnOH eondiielion, with references lo Omh' [*14*™* Bee 
0 . w. Kkh*rd*una Eltttrm TAttr# v/Malltr* chap, xrij- (JPlfl). 
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It fallows t hut, even if the law originally suggested by Amdtsen 
—that the resistance of pure metal* i* proportional to the absolute 
temperature—should he verified for very low temperatures* it would 
be unsafe to trust the purity of even, the most carefully prepared 
metals at the lowest attainable temperatures, unless exich specimen 
were compared with a hydrogen or helium thermometer at these 
temperatures* The physical conditions of the wire might al#o have to 


a*. 


be carefully attended to. Thus, in the vm& of bismuth* it was found 
that :i powerful transverse magnetic field 1 at ordinary temperature* 
rather mote thou doubled the resistance of \i w ire; but* when immersed 
in liquid air, the resistance was increased to 150 times its normal 
amount at that temperature by the application of the same magnet \r 
field. 

Prof* Dewar* has compared the readings of resistance thermometers 


1 Ikwnr Fleming, Prvr, Hurt* Sor m v<ih Is. |i. 125, 1S£^&L The stmigdi 
of the magUti&ttt Ih-id w-fca 21,600 €_t+,S. luiie*. 
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of various metals at the temperature of liquid hydrogen. Using the 
forum)® of Art, 99 T he found that the reading* of all the thermo- 
meters were too high. The best results were given by the gold and 
platinum thermometers., the frinner registering - -19 l and ihf latter 
- 543 ib the correct value being 232 7. The resistance of those 
metals appears to become Almost constant in the neighbourhood of 
this temperature. This shows that the conclusion first arrived at— 
that the resistance would probably vanish at absolute zero—is not 
borne out by the later experiments* Whether wo attribute this result 
to residual traces of impurity in the metals used, or to a genuine 
change in the mode of variation of resistance, it h clear that raustaoeg 
thermometers cannot at present be trusted at such low temperature*. 

Thermo electric thermometers, if carefully standardised by com- Thtru-o- 
paritou with gas or platinum thermometers, are also very convenient 
to i!-■?u in the measurement of low temperatures* The mode of vurm- mater. 
Uon of thermo-electric power of a large number of metals has been 
determined by Dewar and Fleming, 1 Their experiments were carried 
out fit temperatures ranging from the ordinary temperature of the 
atmosphere to that of liquid air, 

Al the present time, the hydrogen or helium thermometer must he 
regarded as the standard instrument for low temperature research. 

Gas thermometers are* however, very troublesome to work with, owing 
to their bulk, their slowness in adjusting themselves to the temperature 
of their surrounding!?, the precautions to Shj observed and the correc¬ 
tions which hive to Ixt made* For temperatures which are not lower 
than - 200 C., ihc platinum resistance thermometer is iniieh more 
convenient to use and gives accurate reside,| 

* /Vi iL Mag. voL si. p. ffj. Iffi, 
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CHAPTER III 


DILATATION 
SECTION 1 

DILATATION OF SOLIlkS 

106 r Ctk bleal Ex pansion . I n a pp roach ing e he snh j eel of ex pa t isbn 
by heat it is necessary to bear distinctly in mind the exact meaning, 
and mode of measurement, of temperature. It being agreed to measure 
changes of temperature by changes of the volume of some substance, 
under given conditions of pressure (hydrogen for example under 
const ant pressor*)* we have then by definition a distinct relation 
between the volume and temperature of this substance, of the form 

Y=Trfi + rfi 

In this formula V u is the volume at the chosen aero of temperature, 
and equal changes of temperature are measured by equal changes of 
volume of this substance. The change of volume for one degree of 
temperature is aV^ and a. is it constant throughout the whole scale. 
For other substances we might still retain a formula of the same 
shajie in which a must be replaced by a function of the temperature, 
and the general expression for the volume at any leinj^ntture 0 will 
lie of the form 

V^V^I. . .}- V*(1+b*L 

where 

o=a tW+c^+slc, 

For most substances the coefiicienta t* r, etc hJ . diminish very vapidly 
ami the equation V - V ft ( l + a#) holds very approximately when a is 
regarded as a constant for each particular substance. 

In the foregoing equations it is tacitly assumed that the volume 
of any substance under constant pressure is always the same at the 
inimo temperature, that is, that the volume, under given conditions of 
pressure, is a function of the temperature. This assumption will be 
legitimate if the volume depends only on the temperature and 
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pressure, and this appears to be the ease, Apparent, exceptions 
occur in such substance* as glass, in which the previous treatment 
become* a factor of import an re anti modifies the characteristics of 
the substance. The volume in such cases is not always the same at 
the same temperature, but it is to be observed that hem we are hot 
aura that the conditions of pressure jtro the same throughout the 
maaa. In fact the well-known case of Rupert's drop* indimU 1 ^ that 
glass which han been suddenly cooled is subject to intense internal 
stress, and the recovery from such stress {$ a very slow process T The 
process of c ‘ annealing * has fieen specially devised to obviate such 
abnormal conditions in solids. In the mse of fluids there is, how¬ 
ever apparently no reason why the volume should not always be 
the same at the same temperature and under the same external 
pressure. 

The mean coefficient of expansion between any tw r o temperatures 
has already been defined as the mean increase in bulk of a unit 
volume i>er degree of temperature or 

V v 
Vjr - fj' 

If the difference of temperature n - 0 be taken very small, the 
change of volume \ ft - V will also be very small, and denoting these 
by d$ amt dY respectively, the coefficient becomes 

I jy 

y — + * * lima ccflffifioatju 

This expression may las termed the true coefficient of expansion at 
the temperature 0* 

Another coefficient is sometimes used which, may be termed the 
z*r& coefficient of expansion. In this the zero volume V 0 replaces V 
m indicated by tho expression 

I dV , _ . 

v . - . i, arm H’OKthcicnt), 

In the esse of the htandard ihermomotric subsume ii is thin 4oro 
coefficient of expansion thiit appear* in the equation 

V - V,(l + a#), 

and ill this due a is absolutely i:ntisUnit, nherm the true eoefticienl 
will be ,iV„ V, tuid this varies inversely jia V. 

[In the equation given Above, vix, — 

u is the toi/an coefficient of expansion between 0 anti &\ This is the 
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cfrefficiont used ill correcting for the expansion uf the bulb of I he gaa 
thermometer. The .era coefficient of expansion would of course I>e 

u 4 2 bit 4 4 c te, ] 

Ceil. If the in lit coefficient of expansion be & constant u, die 
relation between volume and temperature is 

dV * 
f = 

or 

y=y^ 

105. Apparem Expansion. In the case of fluids contained in a 
solid envelope which nets as a measuring flask, we have another 
coefficient termed the coefficient of apparent expansion* In this case 
the rise or fall of the surface of the Hu id in the neck of the flask indi¬ 
cates the apparent change of volume of the fluid. 

Lei. V a lie the apparent volume of this fluid at tho temperature 8 r 
aud let V n be its real volume at xcru Thus the flask may bo 
standardised ami graduated at zero so that the volume indicated at 
this temperature is the real volume of the Hu id. In this ease the 
coefficient of apparent expansion is defined by the equation 

V.«Yg(l+<i*)..(1] 

The relation between the coefficient u rvtid the real expansion of 
the Hu id mav be easily determined. For ihe real volume of the 
fluid is 

v-v„«:i4<u' .. m 

and if tj denotes the coefficient of cubical dilatation of glass {or the 
materia! of tho Husk) wo have nlstj 

V=V f £l4^, m 

since V fl is the in ter mil capacity of this ] nation of the Hast at zero, 
lleiux equating ('2} and (3) wo have 

V fl (l4«i?}=V,(l+J^)- 

And using (I) we obtain 

1 rcu?-(l4rj^J(H-^ 

or approximately, since all the coefficients are smalb 

A-a 4^ 

107, Linear and Superficial Expansion. Iji the ea*D of baiv the 

elongation of linear expansion also comes into eonsidcrntioti. In this 
rase ihe coefficient of linear ex | Hindu u i* defined nr* before, us the 
elongation per unit length for om: degree change of temperature. If 
l denote the Length of ihe liar at temperature and its length at 
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mro T the true coefficient of linear espanHon it ^ will be 

1 dJ 

i it#' 

and the Kero coefficient wifi be 

1 J/ 
f^d$' 

Denoting the latter by A wo have the general equation 

/ = W1+AM r 

since A may be regarded nx approximately conitnnti The rela¬ 
tion coimectilig the linear and cubical dilatations l* easily found. 
For the volume at temperature of a cube whoso stile is / 0 at £ 03 'o is 
//(l ■+ kOf and the volume of the same cube is V^l + tifl). But l* \ „> 
therefore 

i + s(i ~(i + xtf ;**. 

or approximately 

ft ==3X, 

The coefficient of superficial expansion is defined in ihe ^ntiie 
manner and may be shown to be twice the coefficient of linear 
expansion. 

ICS. Determination of the Linear Expansion of Bars—Method 
of Comparator. —The usual mode of determining the coefficient of 
linear expansion of a aiilj&tanee is by the direct observation of (he 
change of length of a lw of the material, themeasurement of the length 
and change of length being referred to a rale kept at a fixed tempera 
Lure, This method is applicable when bars of suitable length can be 
procured itid was adopted by Bamsden to estimate the linear expaoftiun 
rj f |he l*at* uflfld by General Hoy 1 in his measurement of n ha^-line 
on fioitnslow Heath. 

The form of apparatus used by Kamsdon is shown in outline in 
Fig. 33, and consists essentially of three troughs fixed parallel to each 
ether. The middle trough contains the bar to 1 m: experimented on, 
and can be healed by lamps placed iimferaeath. The first and third 
troughs contain each an iron liar packed in broken ice so that they are 
kept, constantly at fixed terajreratm^ and furnish a fixed length with 
which the length of the bar in the middle trough may be compared. 
In order to carry out this comparison the ends of the bars are furnished 
mth adjustable uprights currying lenses, eye pieces, and cross wires 
The first bar carries an eye-piece at each end supplied w ith a cross 
wire, ami the middle bar is supplied at each end with a tens* so that 
c.u:h of these IcnSe-^ nets as an object glass to Hie corresponding ey e-piece 
6n the first bar. The lenses on the middle bar and the eye-pieces on 
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the fit’ll %bm constitute two telescope*, and these are adjusted so as to 
view two croas wires supported on the cuds of the third bar and 
illuminated by mirrors situated behind. Si face the first and third bars 
lire kept in melting ice the eye-pieces and cross wires attached to them 
remain fixed, but when the temperature of the bar in the middle 
trough changes, the object-glassos attsichtMl to it will be displaced. In 
making an experiment the throe troughs are tilled with ice and. the 
apparatus adjusted so that the images of the cross wires on the third 
bar are in exact coincidence with the cross wires of the eye-pieces* and 
matters are so arranged that the middle bar is fixed at one end anil 
free to move at the other so that when the temperature rise* the lens 
at this end alone will move. If the other end should move during the 
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experiment it can bo easily delected and allowed for. Hot watsr is 
now placed in the middle trough and ihu temperature kept m 
stationary as possible by means of the lamp* underneath. The bar in 
this trough expands and the object glass on the free end is displaced by 
an amount l - I ljr where ( is the length of the bar at the temperature 0 
of the bath and I B its length at rcru. This displacement is measured 
by it very Bud micrometer screw, By means of this screw the lens 
may be moved back into its original position so that the image of the 
distant cross wire is again superposed on the cross wire in the eye piece. 
The length / - /„ being thus determined, the moan coefficient of expan 
sion of the bar between 0° and O' is 



In Ewusden*® apparatus the micrometer was not attached to the 
objuct-gW on the end of the noddle btr, but to the eye-piece at the 
end of the first bar. Coincidence of the cross wires was then rostered 
by moving the eye-piece. This displacement of the eye-piece was not 
the expansion / - but greater than this in the ratio of the distance 
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between the ftr*t and third bar* to the distance between the second 
and third. By attaching the micrometer to the object-glass on the 
middle bar the necessity for determining these distance is avoided. 

The parallelism of the three bars is desirable. hut exceftfive pre¬ 
caution in this respect is not absolutely necessary. 

[In the measurement ot lengths by means of graduated rules it m 
important to know accurately the coefficient of linear (jX|nin&ion of the 
material. Also, aa has been pointed out in the preceding chapter, in 
accurate work with the gas thermometer, a knowledge of the cubical 
coefficient of expansion of the material of the reservoir is necessary. 
It is usual to retain two terms in the expressions for these coefficients 
Thus, cuitting 

/=jyi+■#+&*■) 

we get 

^v^i + aai+a^+6)^. 

neglecting 0* and higher powers. The mean coetiictents of linear and 
cubical expansion arc therefore ^ M and 3a 4 3(a a r ^ rcsjjec- 
tively. 

Ilanisdeu’s method has been much improved and elaborated. In 
the determination of the expansion of the iridio-pJatiuuni standards of 
length adopted by the Bureau International, the comparator method 
was used. In the apparatus employed, the bar of material experi¬ 
mented on rests freely on rollers and is entirely enclosed in a 
double-walled box provided with glees window* through which 
the eudet of the bar and the enclosed thermometers can be observed. 
A steady how of water is kept up through the space between 
the walls of the box, the temperature being regulated by a ther¬ 
mostat arrangement- The expansion i* measured by observing 
the displacement of a mark near each end of the bar by means of 
micrometer telescopes mounted on massive stone pi liars. I ho box 
containing the bur is mounted on rail*, and can he mu aside and 
another exactly similar one substituted. This latter is kept at a 
constant temperature throughout the experiments, and thus any slight 
variation in the distance between the micrometer telAcopw eliminated 
from the observations. 1 

Tlaf? method here adopted of observing marks on the expanding 
l>ar, removes an objectionable feature in Ham Aden's apparatus. The 
object-glasses (Fig. S3) have to be mixed Mime distance above the bar 
to which they arc fixed, and hence any slight bending of the bar due 

i A fall d(4cripticp of thui apparatus. with diagrams, h given in GuIllalUDijA 
Therm omitri€ t/e 
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to unequal heating, or uneqnnl strain in the material, may cause them 
to converge or diverge appreciably. 

The apparatus just described k intended for use within moderate 
ranges of temperature only. For this purple it h neither so con¬ 
venient nor so delicate as Fi&eau's method, ns described in the section 
dealing with the expansion of cry stab. Ii is important, however, 
that estimations of the values oF coefficients of expansion hi high 
temperatures should he directly made, particularly in the case of 
materials used in high temperature gas thermometry. Fisenu'e 
iLp|uimLus would not easily lend itself to such a modification, hut the 
method of the comparator has beets adapted to this purpose by Bedford** 
Ilolborn and Day, and Hoi born and Gruncisen. 

The method employed by Holborn and Day - for determining the 
expansion of Berlin porcelain between 0° C. and 1000 C. wsu^ a^ 
follows, A rod of unglazod porcelain about half a metre long was en¬ 
closed in a porcelain tube> and this again in a second tube. The uvner 
tube was heated by a coil of nickel wire which could be raised to 
incandescence by an electric current. Two marks, scratched on the 
rod near the ends, were viewed through holes in the surrounding tubes. 
The temperature was measured by a thermo couple. The expansion 
of several metals ami alloys was similarly determined. In the same 
way Ilolborn and Gnineiseo 3 measured the expansion of Jena gla^s 
50 1|[ as well its of Berlin porcelain. An important result of these 
experiments was tu show p that the exjuitiaion of porcelain is irregular 
and cannot be represented accurately over any long interval by a two- 
term function. This shows the danger of extrapolating the results of 
experiments conducted at lower temperature**] 

109. Method of Laplace and Lavoisier. In the nseihmi devised 
by MM. Laplace and Lavoisier, the expansion / - is not directly 



measured, but k amplified into a much greater length by means of a 
lever arrangement. The bar (Fig, 34), whose expansion k to 
* Phil > im 

s .In*, dtr Phyiik, Bd. iv, p. 505, 1M0, Fr*vu. Akafi. *f«r H is*.. Brrli* f Bd 
ilir. p. 1009, 1900. 

3 Ann. dtr FJtt/siL\ Bd. if. jv 13#, 1801, 
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lie measured h is ti xik! at one end, blit free to niovo at. the other* 
which presses against the stiff arm of a lover, I he other end of shi* 
arm, carries a telescope directed towwiJs a distant vertical frcnle + 
When the bur expands it pushes the arm before it, mid turns the 
telescope round a horizontal axi*. us shown (exaggerated) in figure- 
If ri lie the length of the Aim, and h the distance of the axis of 
rotation of the telescope from the fixed scale, ami o the observed 
displacement on this scale we have at ones 

'-Ki¬ 
ll t 

Hence the mean coefficient of linear expansion is given by the 
equation 



In this method, although the distance e ti lay be very much larger 
tlmu i yet there are many sources of error attending Lhe accurate 
estimation of the quantity and any error in this gives rise to a 
proportional error in the value of A. 

iiO. Relative Expansion,— Differential Method—A differential 
method of oliserving the expansion of a bar* by comparison with 
another of known coefficient of expansion, was suggested by De Luc, 1 
and adopted by Horda," to determine the expansion of the bats used 
in the measurement of the French meridian degree. 

Two bars, A I S and AIT (Fig. 3ft), arc fastened together at om end, 
A A', and are free to slide on fiftflii other, during expansion, through* 





out their entire length, to their other ends* At their free ends, 1® p 
they are graduated so that the two scales constitute n vernier which 
measures the relative expansion of the burs* Thu longer bar ia made 
of platinum, and the shorter may be of any other metal which it is 
desired to compare with platinum, 

A pair of Imrs arranged in this maimer indicates its own temper¬ 
ature, for if the reading of the vernier be noted when the system is 
at O' and 100^ or any other two known temperature^ the temperature 
of the apparatus may be deduced at any other time by means of the 
reading of the vernier alone, 

1 Zhi Luc> JWrpiuJcfc I'kysiqut d* Ikta*nMitrir t tom. jcviit, p, 363* tJ&l* 

1 Blur's TraiN P&ysiqw. IftEtL. i. \k ISi. 
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When the coefficient of absolute expansion of the platinum Ihiir 
is known, that of the other can he inferred, and* in this manlier, 
Dulong and Petit determined the ex pa ns ion of several solid*. 

Different specimen* of the same metal vary considerably in their 
physical properties on account of impurities, or different mechanied 
actions to which they may have been subjected. For this reason, the 
coefficient- of expansion obtained for any liictal will depend on the 
specimen employed, and considerable discrepancies exist between the 
results obtained by different observers. Hence, if the expansion of 
any particular bar is required accurately, it must be determined by 
direct observation, for it cannot be assumed to be the same m that 
of any uther specimen of the same material 
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lit. Comparison of Densities*— In tie wd of fluid* wu have to 
d^jil with the oubbftl expiumflfi only, aml,aa in the «3 ih« of aolStle, tba 

Eirmroxiniiite furmu3u p 

" t-V,t1+a^J r 

may ba employed, when a i* regarded as u constant, mimely, ih$ 
coefficient of absolute expansion at Kero, 

In general, liquids art- more highly expansive than solid*, and it 
is lor this reason that the level of the mercury rises in the stem of a 
thermometer when the instrument becomes warmer. Such mi in¬ 
strument is, therefore, well suited to the measurement of (hr- relative 
or apparent expansion of a liquid, and, if the absolute expansion of the 
ghoa of the instrument be known, the absolute expansion of the 
liquid can be deduced by means of the formula of Art. 106. The linear 
expansion of glass may 1* found by the methods of (lie foregoing 
section, and from this the cubital expansion is deduced by means of 
the formula a = 3JL Having determined the cubical expansion of 
glass in this manner, Lavoisier 1 and Laplace deduced the coefficient 
of absolute expansion of mercury by the conqiarison of the mercury 
thermometer with a standard air thermometer between 0 and 100 C. 

The weight thermometer (Art. 75) also gives the apparent ex¬ 
pansion of the liquid with which it is filled, and, when the dilatation 
of the glass is known, the absolute expansion nf the liquid is obtained, 
In this manner, Eegnault deduced the absolute expansion of mercury 
by comparing the indications of an air anil n weight thermometer 
immersed in the same bath. I he bulb of the air therinomutei was a 
long cylinder of glass, and it* linear expansion wm measured by 
direct observation. 

The inference of the cubical expansion of one piece of gbiss from 


l Stcmuirt* rf-' Luvoisisr, toil*- i p. $08. 
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the linear expansion of another is a procedure which is scarcely 
allowable in very accurate scientific work, owing to the difference in 
the properties of different specimens of the same substance, arising 
from impurities and previous treatment. We have seen that all 
solids are more or less, mill glass especially, subject to this malady. 
It h desirable, therefore, that some method should be devised for 
measuring the expansion of liquids, which does not involve the ex¬ 
pansion of the enclosing envelope 

Such a method is afforded by the comparison of the densities of 
the liquid at different temperatures Thus* if V 0 and ft, denote the 
volume and density of a given mass of the liquid at 0*, and V and p 
the volume and density of the same mass at any other temperature ft, 
wo have 

v«a=v a 

But since 


Y = V 0 [ l+a*}, 


it follows that 


I+ii tf=*. 

P 

Here, then, wo liave the means of determining the cue Hi rival of 
absolute expansion of any liquid by simply comparing its densities at 
two different temperatures* There arc two general methods of com¬ 
paring the densities of liquids. The firet depends on weighing equal 
volumes of the liquid*, or on weighing a solid in the liquids and 
observing the toss of weight. In this method the expansion of the 
solid would again appear and complicate the operation. 

The ratio of the densities of two liquids can, however p be de¬ 
termined directly by balancing a column of one against a column of 
the other in a U-tube ; their densities are then in the Inverse ratio of 
the heights of the corresponding calamus above their common inter¬ 
face* This method may, therefore, be applied to conqtare the densities 
of two columns of the name liquid at different temperatures. It is 
founded on the principle stated by Boyle, that if the pressures of two 
columns of the same liquid at different temperatures arc equal, their 
heights are inversely as their den* i lies. By I hits meana, then, the 
complications introduced by the expansion of the vessel in which it 
is necessary to enclose the liquid, are entirely got rid of, 

H2. Method of Equilibrating Columns — Experiments of Dulang 
and Petit —The principle of the method of equilibrating columns, a* 
adopted by Dukmg and Petit, 1 in their experiment* on the absolute 
expansion of mercury, is iIIiihi rated in Pig, M>. The mercury to be 

1 Duluiig uii4 Petit* -law. dt CkimUti dc Phtjtit£ue t £=, to&L rib p. 





as the densities of the mercury in the corresponding arms, Hence, il 
A A" he at 0 1 anil BB' at 9 C., we have 

p \ 

w here A in the height of the surface It above the axis of the horizontal 
tube, ami h fJ that of A above the same level. Hence the mean co¬ 
efficient of absolute wjnmion of mercury between the temperatures 
0 and 0 C + is given by the equation, 

_!>-h 
fl_ M ' 

The determination of « is than reduced to the measurement of the 
heights I* and A r 

Strictly speaking, equilibrium Sh never secured in this experiment, 
Uk y on account of the difference of density, there will always he two 
feeble currents in the cross-tube — an upper current from the hot arm 
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experimented on is coniuitied in a two-arm tube, A A' BB", one arm of 
which, AA', is kept in a chamber filled with broken ice, and the other, 
BB* is surrounded by a bath which can be heated to any temperature 
desired* The cross-tube, ATT, is much smaller in bore than the 
upper umis P and is arranged so that its axis is accurately horizontal. 
This being secured, the heights of the surfaces at A and B above the 

axis of the cross-tube, when equilibrium is attained, will bo inversely 

* 
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into the cold Arm, and a lower current in the reveres direction. At 
the level of the .axis of the tube, equilibrium may, however, be 
regarded us Masting, and it i* for this reason that the heights h and 
A„ are measured from the axis of thirf tube. In f>r dcr to reduce this 
flow the bore of the horizontal tube is made narrow, but still wide 
enough to allow of equilibrium being freely established. The vertical 
branches, on the other hand, are about 2 cm, wide in their upper 
{torts, so that no error may be caused in the difference of height 
h - h 0 by capillary depression. Jf these tubes were narrow, and yet 
of the same bore, such an error would he introduced into h - A (( by the 
difference of temperature of the arms, for the capillary depression (or 
elevation) of a liquid in .a tube depends on the temperature, being less 
at high than at low temperatures. 

At the beginning of the experiment the arm A A' was jocketed with 
iee, and the arm BB was encased in a copper cylinder containing oil, 
and heated by a furnace. Mercury was poured into the tubes till the 
free surface in the hot rube rose approximately into view above the 
bath chamber. When the temperature of the bath became stationary, 
a few drops of mercury at zero were added to the cold arm so ag to 
bring the surface of the mercury in the warm arm into view over the 
top of the bath cylinder. A door in the ice jacket was then opened, 
and some of the ice removed, so that the surface of the mercury in the 
cold arm could be seen, and the heights h and h 0 determined. The 
temperature of the bat h was registered by means of an air thermometer 
with a long cylindrical bulb, and also by a weight thermometer. The 
bulbs of these thermometers being long, they were supposed to 
indicate the mean temperature of the bath, and this was taken to be 
the average temperature of i he mercury in the arm BB'. 

The heights A and h„ wore determined by means of a speeially 
coiistmeted oathetomelet, which read directly to .,' 0 th mm., and hv 
estimation to .^th mm- The surface of the hot column was first 
observed, and then the surface of the cold column. This gave 
the difference of level h-h v The height fi 0 was determined by 
measuring the distance between the surface of the mercury and a fixer} 
reference mark near the top of the mercury column. This reference 
mark was carried by an iron rod which passed down through the icq 
jacket, and its distance from the axis of the cross-tube was determined 
accurately once for all. 

At high temperatures the air and weight iliermorrietors 1 gave 

' 1» a d investigation as this it is of course Ulogillnut* to employ a adf-ht 

thermometer or mty l^niddn-gUs* UwTwwnrter. unless ii has 1 *bq HtandaniiKd hy 
ctiiuptHacm with *u m r $r gu 
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di&eortlatit result*, so that the indications of ihe former were used 
exclusively by Du long find Petit, The following table contains the 
results of their experiment?. It gives the mean coefficient of 
GX|iansioji between 0 and L0C>0 and 200 t 0 s and 300 , on the air 
thermometer with the corresponding indication* of the weight 
thermometer. Between 0 and I QQ r the coefficient i* neiirlv constant, 
hut it incrsMtift as the tenipertihirv becomes more elevated. 


AJr Ttrnrapmftef. 

W ritfht TharnRiutfOr. 


M **U Codfid«lLt«. 

O' 

jf 


min, ni^n. 

100- ■ 

100* 

1 

WT 

i 1 

iUa luu 

200- 

aer-ai 

i 

■4» 

1 1 

Mi J+33 

3MT 

514"’ lb 


l | 


In this form of the experiment it ia not easy Lo Mure that the 
mean temperature of the bath surrounding the thermometer bulb 
shall lie the same as that surrounding the tube which contains the 
mercury, and from the method of heating the bath it ia difficult to 
maintain its temperature stationary while the observations are being 
made, so that very great expedition ia required in malting the read¬ 
ings. Furthermore, it ia essential that tho air in the thermometer 
shall be perfectly dty, for if it contains nny water vapour a consider¬ 
able correction will become necessary at high temperature*. Finally, 
the value of the coefficient of dilatation of air (1W375), used bv 
Du bug and Petite was that deduced by Gay-Lussac* and was not 
sufficiently accurate. 

For these reasons the determination of the coefficient of absolute 
expansion of mercury wjls undertaken by Rognault, oil the sanig 
principle, but with improved Apparatus, in which the errors of hi* 
predecessors were completely avoided. The close accordance of hi* 
results with those of Lhilong and Petit shows, however, how excellently 
their experiments were conducted. 

113. Regnaults Experiments. — In t li e form of apparatus employed 
by Du long and Petit, the chief source of uncertainty was the tempera* 
tlire- of she bath, arising from the fact that being Always filled to the 
top it could not be properly stirred to ensure uniformity of tempera¬ 
ture throughout. A column of liquid heated from below may 
present great differences of temperature in different parte if not kepi 
constantly stirred, and the difficulty is not entirely overcome by 
nmking the thermometer bulb the whole length of the hath, for even 
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ilitii t lie tumpornture registered by the thermometer may not represent 
tbe mam temperature of the column of mercury situated in another 
jwirt of the hath. Besides this source of error others occur in the 
direct observation of the summit of (he warm eohinm, which 
necessitates a little of the mercury being outside the both, and it is 
also objectionable to have (he surfaces of the two columns at different 
temperatures, as the surface tension will not he the same in both. 
T in; latter error is lessened, but not completely got rid of, by making 
the upjHjr parts of the tubes wide. Besides this the columns were only 
about flu or 60 cm. long, and the temperature of the column A - A 0 
was not known with certainty. 

l-'or these reasons Uogimult modified the apparatus in such a way 
that the bath could be constantly stirred, ant] Its temperature kept 



uniform. Furt her, the surfaces of the mercurial columns which were 
to bo observed were enclosed in the same bath, and kept at a 
constant temperature. 

The principle of the disposition of Regnault'if apparatus Is shown 
in Fig. ,17. The vertical tubes A A' and HB'aro made of iron, and are 
joined at their toj*, A ami B, by a horizontal cross-tube AR The 
horizontal cross-tube joining the lower ends of A.V and BB’ in the 
experiments ol Pulongand Petit is here interrupted in its middle part 
at C and D’, where two vertical glass tubes, CC' an.I DD’ are screwed 
in and connected with cjieh other, arid with n reservoir of uir, which 
can be modified in procure by means of an air-pump. In these glass 
tube* the mercury stands at C und [>, and at those surfaces the pressure 
is> the sjuite, vis. the pressure of the uir in the reservoir. The lonif 
vertical tubes A A and BB are kept in baths at known temperatures, 
und the mercury in them is at a common level, viz, that of the 
horizontal communicating erosj-tubo AB, Hence if the temperatures 
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be (J } , ;unt U t , while the tiitt'urciice of level AC is A p 
II above f> is we huve 1 


so i lint 


*■ j ** - 

H-a(0 + n V 


nini the height of 


hzb_. 

Mi -Ms 


n*. ss. 



The ilct;iiIs of the apparatus are shown in Fig. 38. 

* Wo have bore usatntd, for rfjppiidty, that the whole of AC is At Urapemtcn 

^ JUiil lib at Urn^Atiire ^ 
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The vertical tube* A A' and BIT were made of iron, and wore much 
longer than those used by Dulong and Petit,, their length being About 
150 cm, r and their diameter 1 cm. Their upper ends above the 
connecting cross-tube were open, ao that the mercury could bo 
introduced at will. One of thenij BIT* was kept cold by a bath, 
through which n constant current of cold water circulated, and the 
horizontal arms were cooled bot h above And below by a stream of the 
same water. The other vertical tube A A r was heated in a bat Is of oil. 
whose temperature was rendered uniform by means of agitators, XX, 
worked by a cord P passing over a pulley. 

The temperature was registered by means of an air thermometer, 
who^ bulb extended throughout the whole length oi the tube A A', " 
To support the apparatus and secure the horizon rality of the cross-Lube 
AB, Kcgnanlt attached it to a strong horizontal bar GH, moveable 
round one extremity O f and supported on two screws* one at its 
middle and the other at its extremity H. The cross-tube AB rested 
on it, and carried four brass rings, a# n 4 . on which cross marks 

were traced to mark the axis of the tube, and these were arranged 
horizon tally by observation of a cat hetometer, and by adjustment of 
the controlling screws of the supporting bar (iH From this bar ran 
also four metal reals, l}. r IJ, Q, Q, descending vertically, and snpjMiriing 
the lower parte of the apparatus, the poim^ of attachment there being 
controlled by screws by which the lower gross-tubes could lie made 
horizontal by means of marks, as in the case of the upper tube. In 
order to measure the heights A, and a small hole w:ls drilled in the 
erras-tuhti AB, and the pressure in the air reservoir was increased till 
the mercury rising in the tubes just began to overflow nfc ibis aperture. 

As soon as this was secured the temperatures of the baths were 
noted as well as the height* of the mercury in the middle vertical 
tubes of glass, CO 1 and DXT, Let. II and IT he the heights 1 in the 
long vertical tubes, and h and A' the heights in the Abort vertical tube#, 
and kit d be the temperature in A.V, and 9' the temperatlire in ;d] the 
other tubes* Then wc have the pressure of the air in fho reservoir 
exceeding the pressure of the atmosphere by that due to A A" minus 
thau due to CC , and this must be also equal to that due to BIT minus 
that due to BD'; hence, denoting the coefficient of absolute expansion 
of mercury by ia* we have— 


1 H i« tlift vertical height of the tiuriz^ntil lu.\x rj,„ a 4 above A ]F f. =l »t|d H' the 
height of the tAim ttibo al^vr $, fc h +l »hlla i* *elJ A h ajv the heights tecs it € 

muL 1> ftbo vt i|, %* and ^ mpceLively* If H - FT for cm teBapentnre of the 
iuktli, then these bright* will Ciller slightly for *:?ary other lam|H rmnare, on aoeount 
of the exjmEisicm of iho tub* AA H . 
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II h \V *1 
t - i -r in# 1 " 11 rttf' - 1 + in*'' 

or 

R E '+h- h\ 

\ -i- j«S 1 + rntf 

Hence 

wj= ?k *n j + A-*r 

c/ /fte Apparatus.— M. Eeg- 
nauiC also worked with another loriii of 
apparatus in which the Lower cross - tube 
(Fig, 30) was imbitarrijpted T as in the 
apparatus of Dokmg anti Petit, The tipper 
cross-tube was* however, interrupted by two 
vertical glass tubes CC' ami DLV t in which 
the mercury columns stood at levels C and 
D. The mercury columns are thus in 
direct equilibrium. The axes of the tubes 
AC J mid BD' are horizontal, and at the 
same level, but the lower tube ATT is more 
or less inclined on account of the unequal 
dilatations of AA' and BE r . On equating the pressures at the lowest 
I*trt of the apparatus we have 

H h * _ JT 

1 -*■ wt* + 1 + IH^ + 1 + mf 1 + 5? Tt ™& r ' 

where * is the email difference of level of the ends of A I*- If the 
lower tube be horizontal f*=G, and we have 

H ffiA-A 

l + m$- l + m# 

Therefore 

H ~n+h‘-h 
^^Vh^h'-a'-a)" 

Kegnault executed four scries of experiments* which comprised in 
all about L3G observations, at temperatures varying between 25° C. 
and 3f)G C. The results o i these experiment* were then plotted 
graphically, and a curve tracod which exhibited the relation between 
the temperature and the whole dilatation at any temperature. If m 
denotes the mean coefficient of expansion but ween 0 and ft, the whole 
dilatation per unit volume between these temperatures will lie 

and if m bo eonatanb the curve obtained by plotting the temperatures 
along the axis of x and the dilatation A along the axis of y will be a 
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right line y = ms inclined in the axis of -s at mi angle, whose tangent 
?« ’»■ The curve obtained by Iiegnault was, however, not a right line, 
hut wa* convex towards tbe axis of jc, indicating that vi here; is ed with 
the temperature. Taking m to be of the form 


the dilatation will lie 


m = 2 £l 4 - 


A =(i ff+fifl 51 , 

# 

anti the curve will l>s parabolic. 

Assuming tbe above formula to hold, the true coefficient of dilata¬ 
tion at atiy temperature will be 


l *n 
m §~y d&* 

wlieie \ h the bulk at 0 " of the mitt which has unit volume at zero 
= !+£—! + ttB + Therefore 


*+m 

The coefficient of expansion referred to the zero volume, or what 
wa have termed the zero coefficient of expansion, m 

S =fi+2i ' A 

The results of Kegnuidt’s exjjeriuitrjts gave 


n- o-aouirei, a=0-000000^5, 

*o that the mean coefficient of arpansin-n of mercurv was found to h e 
=0-0001791 + tr 000000025#, 

anil the Mro coefficient of expansion was found to be 
mt =0 -00017i> 1 V 0-000000050, 

Between 0 and 100 the coefficient m is sensibly constant, its 
value at 50" C- being , ,’ lT . The cu[responding value found by 
Ihilong and Petit was , S ' (I . 

114. Application of the Weight Thermometer. Once the co¬ 
efficient of absolute expansion of mercury is known, the weight 
thermometer may l>e applied with facility to the determination of 
the coefficients of absolute expansion of other liquids. For when the 
instrument is filled with mercury, a single observation gives u B the 
apparent expansion of the mercury in the glass of the thermometer, 
Thus if v be the weight that Bows over at 8 degrees and W the 
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weight that tills it At aero, we have 

w 

K%~*f 

consequently the coefficient of expansion of the gki&s *j cap be found 
from the equation (Art. 106) 

1 + mm{\ M} (1 -r^) f 

where m is used to denote the coefficient of absolute cx|iurtftion of 
mercury r 

The coefficient $ being known, the instrument can be filled with 
any other liquid, and its apparent coefficient a determined in a similar 
mariner* The i^al coefficient a of the liquid will then he found from Liquid*, 
the form ill a 

I Repeating the observations at v&ripua teai|H h rsturci4j the variation of a 
with temperature may be found, and the coefficients in the formula 

>=ri+&f+d9 i J 

determined. 

In a similar manner the weight thermometer may bo employed to 





determine the cubical dilatation of solids. Thu*, when the coefficient 
nf absolute exiting eoii of any liquid i* known, a single obsormtion 
gives the cubical dilatation of the material uf which the bulb of the 
thermometer is constructed, It was in this manner that- Dtdong and 
Petit 1 tirat attempted to measure the coefficient of expansion of iron, 
knowing the absolute expansion of mercury* and lifting a weight ther- 
mometer with an iron bulb. They soon, however* abandoned this 
process for the more simple and genera] method of enclosing a bar of 
the solid under investigation inside the bulb of an ordinary’ weight thcr 
mom e ter made of glass, as shewn in Fig. 40. In Lhe arse of solids 
which are not attached by mercury no precautions arc necessary, 
further than the attachment of hearings to the ends of the bar to 
keep it steady, and avoid fracture of the bulb* In the case of solids 
which are attacked by mercury, another liquid may be used, or 
their surfaces may bo varnished or oxidised. 

3 Du bag *nd I'L'ljt, An\u ii? Chtifli* rt dr Ph 'l'\ lOTIi. In Ju Util, 1-ti 1 lj- 
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lu /ill cases, jt in necessary to know the weight W' 0 and the density 
Po of the solid at koto. Its volume at zero is then W v />’„ and its 
volume al 8 is 

fin 

whore tf is its coefficient of expansion. The remainder of the bulb 
and stom U filled with mercury. if \V B and p, ho the weight and 
density of this at Kero, and if a quantity i r flows over at ft then thu 
weight iofr in the bulb is \V n - v, and its volume is 


Now the volume of the bulb at aero is 


W. W' fl 
Pt ~ *V 


Therefore its volume at t) is 

Hence we have the equation 

(^ + w'.) n+ ^ = w :n( i^ ]+ w , r 

A P* P* / fin fit 

dr finally 

( r* + - % +«*>. 

V fit fit / Pn Pa Pa 


The quantities W w W , ^ and are obviously the zero volume 
of the mercury contained in the instrument the volume of the solid at 
ttro, and the zero volume of the mercury which overflow*. 

It is to be remarked that the sensibility of tho weight thermometer 
increases with the density of the liquid employed, and ad so with it* 
coefficient of expansion. For this reason the great density of morcurv, 
and its tolerably large coefficient of expansion, recommend it e&pedal ly 
for nee in the weight thermometer. In addition, mercury does not 
evaporate sensibly, and in this respect possesses a great advantage over 
volatile liquids. When such liquids are employed, every precaution 
must be taken to prevent loss by evaporation. In such esses, how- 
ever, it is better to dispense with the overIIowing method, and adopt 
the following. 

115. The Dilatometer—Application of the Ordinary Thermo* 

meter.—In the case of volatile liquids of small specific gravity, the 
accuracy obtained by reducing the observation to a weighing is more 
than counterbalanced in the weight thermometer by the error* intro- 
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duced by o vapor A tion. For this reason, the employ men l in these ftu££& 
of an apparatus similar to the ordinary thermometer, as suggested by 
De LiiCj 1 * 3 is preferable. Tho instrument (Fig. 41) is simply a 

large-bulbed thermometer, with an aecuratoly-graduatfid item, 

the volume of the bulb and of each division of the stem being 
known. Ah experiment with mercury gives the coefficient of 
exclusion of the instrument , and, when it contains any otSier 
liquid, two observations of the apparent volumes of the liquid 
at any tw i o temperatures give the mean coefficient of apparent 


9 


cxjiansicn l>etw r e 0 n these temperatures. 

This method is at once exceedingly simple and precise, 
and was employed b-v Kopp,* and also by M, Is, L ieiTOp in 
their classical researches on the expansion of liquids. 

I ifi. Maximum Density of Water.—In the euro of water a 
not able anomaly in the exclusion is exhibited in the neighbour¬ 
hood of 4 C. At, or very near, this point the liquid possesses 
a greater density than at any other temperature* end expands 
whether its temperature be raised or lowered. Thus water 
becomes specifically lighter in pMting from 4 either up or 
down the «calo ? and the volume of any given mm is least 
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ft t this temperature, 

Hope V well known experiment places tho whole process clearly 
In V | ew A tall glass beaker containing water is furnished with two 
thermometers, and an annular trough, as show u in l ig. 4-- A fleecing 
mixture of etiow and salt is placed in the 
trough, and the middle of the water column 
is gradually cooled* While this cooling is in 
progress the indications of the thermometer* 
are moat interesting. Before tho application 
of the freezing mixture the temperature 
registered by the tipper thermometer slightly 
exceeds that of the lower, for the warmer and 
lighter jjortioTis of the water float to the top. 
The first effect of the free sing mixture is to 
reduce the low er thermometer to 4 C. without 
seriously affecting the upjjcr* The lower thenuometer now remains 
stationary f and the upper begins to fall rapidly till its temperature 



FIfr «. 


ILi|k p h **- 
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1 lh: Lulv ArtAffda 3 itr It* Modi foil ten* de tJhnotpA^ twin. Vl |>, 124 t etc. 

1 ku|i]i„ JplHn Blind IxiiL, 1047. 

3 L IMorn, it* vhimk i-t & MjwJffiw* 8*. imm xv r| six,* ki. t xxl, 

xxxL, xxxHi. 
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Is reduced to zero, nnd ice begin* to form on the top. The explana¬ 
tion is that water M heaviest at 4 C. t that it sinks as it cool*, 
the layers which first reach 4 collecting at the bottom. After a 
certain stage certain layers lieeoin.fi cooled below 4°, and the coldest 
parts rise above those which are less cold till ice forms on the top. 

This property of water may also he well illustrated to a class by 
means of a float winch rises to the surface iri water near 4 C , and 
sinks when the temj^raturs is a little above or below this point. The 
float may be constructed of a piece of glue tubing closed and so 
weighted that it will float in water at 4°, and sink in water at zero, 
A beaker of ice-cold water may be placed on the lecture table, with 
the float immersed, and lying at the bottom h the water not being dense 
enough to float it at aero. In the warm room, however, the ieni|>era- 
ture of the water begins to rise, the 4 layers sink to the bottom* and 
the float begins to ercop towards the surface. Here it remains till the 
temperature passes 4 . The warmer layers now rise, to the surface, 
and the float begins to sink gradually to the bottom. 

It is on account of this property that a small pool of water on the 
surface of a glacier gradually eats its way into the ice, growing deeper 
and deeper with every return of the sun. Thus, if the whole moss of 
water in the poo! is at zero, then, in the sunshine, the surface layer 
grows warm, and muks to the bottom, where it melts another film of 
ice* and this process proceeds as long as the surface heat is supplied. 

The anomalous expansion of water in the neighbourhood of I G. 
is a warning against the choice of any liquid at random as a standard 
thcrmoiiietric substance. A thermometer filled with water would give 
the same indication* whether it grew warmer or colder from 4 0. In 
fuc4 the temperature at which the apparent volume of water In glass 
h lejLst (or about what we call ^ C.) would bo the lowest possible 
temperature attainable if water were the standard thermometrio sub’ 
stance. Such an illustration shows us how utterly unintelligible and 
chaotic any system of thermometry founded on the expansion of a 
liquid might be* 

LIT. Study of the Dilatation of Water. —The study uf the dilata¬ 
tion of water has attracted much attention, not merely because of its 
anomalous behaviour at 1 C. p but a Mo because of ihe fact that water 
is the standard of density to which all other substances are referred. 
The unit of weight being defined us the weight of unit volume of 
water at some definite temperature and pressure, the variations of the 
density of water with temperature and pressure become a study of 
prime importance. It was in thia connection that the first precise 
experiments on the expansion of water were under taken by Lefcvre- 
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Gmeau. 1 The method employed was by observing llie has of weight 
uf a metallic cy If rider when weighed in water at various teni|>erfltureB. 
This method was also adopted by IliLSsiriinu who u&cd el sphere of 
and afterwards by Hagen and Matthieflsenu, 

In tlie experiment* of Hillfftrtim,* the coefficient of linear exf&urinki 
of :l rod of glass was (3irectly determined by ihu method of Rninid«u T 
ob-servat Eons of the elongation Seeing made at different tern [m-tsl Lures 
between 0 and 30 „ Any two of these observations are sufficient to 
determine the coefficients a and & lii the formula 


f-Ul+aS-t« , b 

and when these are known the volume \ at any temperature it is 
given by the conation 

Y = yjl+a&+lJ i ,K 


For the glass rod I latatidm found the value* 

a =e > 00000 ] mo. ft= 0 - 0000001 os. 

and he assumed that the ^amc values would apply to the espmst&ti 
of the glass sphere used in the weighing experiment s* 

This supposition is not strictly allowable, and the expansion of the 
giro sphere should be iktenniaed dtnclly by means of the weight 
thermometer, or otherwise, as wtw iloue by Mstthi^n, 

When the glass sphere, suspended by a fine platinum wire from » 
pan of a balance, and counterpoised, is immersed in water, (he weight 
required to be added to the pan to restore equilibrium is the weight of 
the volume V uf wtuer displaced by (he sphere. Denoting ^ h i s In < 
we have W some func(ion of the tampeiaturo depending both on the 
expansion of the gins* and on ihut of the water. Thus we may write 

W=W„ti+afl + ;# , +'rtf , + - ' * b 


By means of experiments at different temperatures Halalrnm found 

as+o-ooeoiiasta, 0 = oooOTmssiftS, + 0 <hxkkhk>ui3. 

Now the density p of water at any temperature 8 is given hy the 
formula 


i L -tf t+»+«»*+«**), 

f - V" V. [UmUt^ 


1 ■ i l*T« T«v f 

where the coefficient* t, m, * *« known in term* of w, fi, y, and «, h. 
The density will be a maxi muni when 


t=*. 


1 Left v re-Glm *», HsySrunttM/ailf* paxr ttftrrmivtr la *w Ir N«■ 1 1 n jm jh aw. Ses 

report Id the JmmUtl <U Phy^R* <*' jffcWtAwir, tom. xli*. p. W. 

* llaMn.w, A»n> at Chimif ttO* 2". t*w. xiviii, r . M. 1525, 
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which gives the equation 

3n£ i +5flti4 l =0. 

This equation gives two values o i (?, one of which lies outside the 
limits of temperature, to which the above formula; apply, and the 
otherbeing equal to 4 -108 C. The coefficient* / T m t and n were 

t - 0 -OOOO52&80, rip = - Q'0OQQQfl£&&Et a = 0iKKK)000H4 5 + 

Ttio following table gives the volume at various temperatures up 
to SO of a m ass of water poweasing unit volume at aero, according to 
Halstrom : — 


1 Tfi Enp^rB-tiLcr. 

Volmiifc 

Anptntmn. 

Vfll linirBi. 

0 

l-DODVOOO 

3* 

0-0BflD6r H i 

r 

a<m9m 

V 

10000421 

T 

mmm 

IS* 

1 eotistfs 

ar 

o-bsgsbos 

20 " 

IDOUtOti 

4 a 

(ymmn 


1’002&398 

4**1 


m 

3 ”003910 

! y 

OOT&3WS 

*- 

... 


According to this table the maximum density would appear to be 
somewhat above 4 C. ; but as the variation is small in the neighbour¬ 
hood of a maximum it is difli- 
cult to fix the temperature of 
maximum density with absolute 
precision. 

Moat of the other experh 

men tors in this subject have 

proceeded by the dibitometer Of 

Ordinary thermoint±ter method 

^ (Art, 115)* By this method 

~— Desprete 1 plotted a curve, the 

ordinate* of winch represented 

the apparent volume in glass, 
FprJ- DHpnbfr ttn-t lurthriL , . 

and l he corresponding abscissa? 

the temperature, This curve is approximately parabolic, as shown in 

Fig. 43, the vertex of the parabola corresponding to the temperature 

of about 5* C. This then is the temperature of least apparent volume. 

The real volume of the water at any temperature may be found by 

adding to the corresponding ordinate of this curve the dilatation of the 

glass. For this purpose it b only necessary to construct a curve below 

1 Drajtfretar in”, ft* Chimi* ft fit phjfmquf, 2 s , Cold ]n. Jk £ ’ tom. 

p, SOT, 1340. 
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OX representing the dilatation of the gfsias. If ll>« gUw* be «iippO*#fl 
to expand uniformly through ihe mtige of tonjurature amplnywl, this 
curve will be a right line 01), such that, if r l*e the volume at I? , awl 
r (l the volume ut O', the dilatation of the glass will be r - r 0 = rjtf, 
and therefore 1 the tangent of the angle DOX will be r/ where >1 i* 
the mean coefficient of expansion of the glass, am! is determined by a 
previous experiment by the method already indicated in An, H4. 
The vertical ordinate intercepted between the curve ABC and the line 
OD will therefore represent, the real volume of the water tit the corre¬ 
sponding temperature, lienee, to obtain the teni|>eraliiro of least 
volume it is only necessary to find the least ordinate between ABC 
mid OD. This is done by drawing a line parallel to 01) «o as to touch 



the curve ABC, and the corns landing ordinate BD cuts the axis OX 
at a point which eorrcsjjoiuls to the tem|ioraturo of maximum density. 

In these experimeists when the water was pure and free front ail, 
it did not solidify at zero ; hut remained liquid to 20" C. The 
curve ABC could accordingly I* continued far below zero, and it 
showed that at these low temperatures the water continued to increase 
in volume up to the point of solidificntfmi. I hr sudden change of 
volume of water iti solidifying at zero i» thus merely a leap replacing 
the gradual change which is hero shown to occur. 

A form of experiment very similar to Hope's was also conducted 
l>v Dcsprctz. A hcaker of water furnished with four thermometers, 
as in Hopes experiment, was allowed to cool in u cold atmosphere, and 
the indications of the thermometers were carefully noted. A curve 
was constructed for each thermometer (Fig. 44) t showing it* variations 
of temperature, the time being measured along the axis of r and the 
corresponding temperatures parallel to the axis of y. The lowest 
thermometer (1) fell most rapidly in temperature at first, and the 
highest (4) most slowly. The lowest then remained stationary at 4°, 

s r* h the appimit toIutdc of th* wm ter. 
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while the others gradually fell, the highest hulling most rapidly till 
its temperature became zero. The curve appertaining to the lowest 
thermometer was thus at fir*t below the others, find ivn* cut hy them 
at 4 T and this thermometer w as the last to attain to zero. The mean 
result obtained by Despretz by the first method was 4 '007. and by 
the second 3°‘997* Numbers agreeing very closely with these were 
obtained by other experimenters. Thus Habtrorn found 4 L '10S f H. 
Kopp 4 '08 + aiul Is. Pierre 3*'9 2. From these numbers we may con¬ 
clude that 4 C. represents very approximately the temperature of the 
maximum density of water. A general table of the results of various 
observers will be found in Rosetti’s 1 memoirs on the dilatation of 
distilled water, 

[The moat accurate method of finding the temperature of maximum 
density of water is that of Joule and Playfair. 5 The apparatus is 
represented in Fig, 45 + Two upright vessel* of tinned 
iron, aa, each 4J feet high and 6 inches in diameter, 
were connected nt the bottom by a brass pipe b t 
fi inches long and furnished with a wide stopcock 
affording a dear passage 1 inch in bore. A reck- 
angular trough c, 1 inch square in section, formed a 
communication between the tops of the vessels* In 
the middle of this trough there was a slide by which 
the motion of a current could be stopped when 
requisite. Wooden brackets dJ supported the vessels, 
which were covered with hay-bands to insulate them 
from the surrounding air. Each of the vessels was 
provided with a stirrer and with a very accurate 
thermometer. A glass ball, whose weight wslb ad¬ 
justed so that it just floated, was placed in the 
trough r + The vessels wore filled with distilled water 
as free as possible from dissolved air. 

The method of experimenting was ns follows: The vessels having 
been filled with water al about ^7 F,. the temperature of one of 
them was increased to about 41^5 by the addition of a small 
quantity of hot water. The thermometers, suitably snpjiortctb were 
then placed so as to dip about 6 inches in the vessels. The etuijcock 
was closed and the slide adjusted so as to close the trough. The 
water in each vessel was then thoroughly Htirred and ihc tempera- 
hires noted. The stojwoek wm ihen opened and the slide carefully 

3 lErhsttti, Aim. ^ ^ 4% km. I. IfH ; tom, xvii. p + a70, 

9 Jvuk's Scieviijte vol. iL p. 173, 
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removed Isom the trough* Alter waiting tlucc minute* the g]o*r. 
hall wlu placed in the trough and its motion watched for two or 
three minutes with the help of a graduated rule placed at the top of 
the trough. The stopcock was then closed, the slide replaced, and 
the temperatures again noted. The mean of the tempera kurus thus 
observed before and after each trial of the velocity of the current was 
takesi as the temperature of the observation. 

It h clear that it in posable in sins way to find two temperatures, 
one slightly above and the other alight]y below the point, of maximum 
density, such that the densities of the two columns are equal On 
opening the communication* the glass ball would then remain 
stationary, and the temperature of maximum density would then bo 
very accurately given by the mean of the observed temperatures of 
the two columns. In practice* the velocity of the gifts* ball was 
measured, a curve was drawn from the results of u scries of observa¬ 
tions, and thus in calculating the temjwrsturc of maximum density 
allowance was made for the small residua] difference of density irk 
the two columns. As an example, the results of the first series of 
experiment* is appended— 


T^Plwrutuft? i?f 
WjIw Ui Warner 
VhhhhI. 

TfIII pmtn n* iff 
WlM^T in t''nl> l-ef 
Va^L 

Unit. 

VflbSHj of Currant in 
tnrlu'.i t l|i>lir. 

41"‘IBS 

3r-»48 

S&’rE ds 

2SQ frem wmrtnct 

4VVI& 

sr-a&e 

SFIftB 

m .. 

-10 -Sift 

sr-S&i 

aft 101 


40 J -S0& 

EWU 


* ** 

40 p tfll 

ar-Ji7 

sr-oM 

tO from raider 


The tun 11 re rati i re of the laboratory during the above series of 
experiment was about 38 l\ The temperature of maximum density 
calculated from the observations was 39 - 102 P. In the last- series 
of experiments the difference of temperature between the two coin unis 
was only about i' : i The mean result for all four series of experi¬ 
ment* was 30 101 h\ which fe equal to about 3 03 C. 

The variation of fhe density of water with temperature has been 
determined by Chappula 1 by the dilatometer method. The water 
was enclosed In an iridio-plaliniim vessel similar to the bulb of the 
standard hydrogen thermometer* In connection wiih this vessel was 
a amnll U-tube containing mercury* and a* the water expanded it ex- 
pelted mercury, and the volume expelled vm determined by weighing. 
The U tube was kept at a constant temperature at which the density 

I Ann, for Ph^ni\ Bd. Ixili. [k 202 p im> 
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of mercury was accurately known. The expansion cannot, according 
to M. Cbppuit, bo well represented hv a fonanti, even if four powers 
of the temperature were retained.] 

The foregoing results apply to the ease of water underiho pressure 
of one atmosphere. When the pressure is increased the temperature 
of maximum density recedes towards two, and in a series of experi¬ 
ments, M. Amagat 1 finds the mean rate of retrogression to lie about 
0”-025 C. i*r atmosphere increase of pressure. Thus under the 
pressures 41 <>, 93*3, 144*8 alinoA the temperatures of greatest 
density were found to be 3 *3, 2 e Q, and 0 *6 respectively. 

1 is. Maximum Density of Saline Solutions. — It was established 
by Dcspretx* that other liquids, especially saline solutions, exhibit 
tempofutures of maximum density under a given pressure. The 
solutions were observed in the dilatOflWter, and in this they could be 
reduced in the liquid state to temperature* considerably below their 
normal freezing points, and their variation# of volume could be noted 
os in the case of water. Tito effect of salts dissolved in water is 
usually to notably lower the tcmi»erature of maximum density, as 
well a# the normal freezing 

[An elaborate series of experiments was carried out by P. G. Tait, 
on the properties of fresh and salt water. 8 The following are some of 
the results obtained :— ■ 

Thu temperature of maximum density of fresh water is lowered 
about 3 C. for each ton per square inch pressure (150 »tunes.). This 
agrees fairly well with Amagat s result given in Ail, 1 li, 

* The lowering of the freezing point of fresh water under pressure, 
as determined by experiment, accords well with the theoretical value 
given by J. Thomson (see Art. 178), Le. it is about 113 C. per ton 
pressure on the square inch. Hence under a pressure of 2*14 tons 
per square inch the maximum density point would coincide with 
the freezing point, at 2 1 C. The compressibility of fresh water 
diminishes as the temperature rises from 0 C. under atmospheric 
pressure. At about DO C. it attains a minimum value, increasing 
again at higher temperature*. Increase of pressure lowers the 
temperature of minimum compressibility. 

The behaviour of wilt water agrees in its general character with 
that of fresh. The expansibility of water, salt or fresh, increases 
considerably with pressure. 

• Amsgst. Gmptn itrerfmt 1st Msy 18W, tom. exvi p. 946. The diagram* 

U 1 ust m t f " g ihv results of tin-* experiments an- interesting. 

• IksjireU, dH«, t’Aiwiic title 2*. tom. lx*. p. 19. 1889, 

s Tait, ScitHlilit: /'ajo'rr. voL ii. p. 1. 
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Aji interesting question discussed by Taft ie the equilibrium of a 
column of water. He points out that in a very In II col mi in of water 
(salt or fresh) at the same temperature throughout, the equilibrium 
might be rendered unstablu in consequence of the bent developed by 
a sudden large increase of pressure. For, as the expa risibility of 
water is notably increased by pressure, the lower park of the column 
will become hotter and less compressible than the upper. This effect 
is not produced in a tall column of air, for the expansibility is practi¬ 
cally unaltered by pressure 

It may 1 h? gathered from these experiment* of Tail's that vertical 
currents might occur in ocean depths. The stability ie not such as 
it would be if the water at the bottom were at its maximum density. 
In fact, as we have seen, the maximum -density point would overtake 
the freest tig [joint in fresh water at - 2 J 4 C. under & pressure eorre- 
aponding to a depth of about 1800 fathoms. The depth at which 
this would occur in salt water would probably not I no very different, 
and the freezing of the wafer would prevent the condition above 
mentioned being attained. The results of the Chtiitengttr expedition 
show that the temperature of the oceunioor is remarkably uniform, 
and (except in cold latitudes) above the normal freezing-point. In 
general, after the surface layers are passed, the temperature falls 
steadily at first but more slowly as the depth increases. From about 
loOO fathoms down to the bottom it is nearly constant. At the 
bottom, which in some soundings was found at depths of over 3000 or 
even 1000 fathoms, the temperature in the Atlantic Ocean was about 
30 or 37 F. (2 J 5 CL), and in the Pacific Ocean about 3ft F.] 

119. Dilatation of Liquids at Temperatures above the Normal 
Bolling Point. — The normal boding point of a liquid k the tempera¬ 
ture at which it boils under the pressure Df one standard atmosphere. 
Under thk pressure ihe substance remains in the liquid state, only up 
to the boiling point, and is then v&poijrtd with a gudden and largo 
change of volume. By increasing the pressure, however, ebullition 
may be prevented indefinitely, and the substance may bo maintained 
in the liquid state up to u certain temperature (called the critical 
temperature), at which it ajywars to be completely and sudden]y 
vn|>ofhcdJ 

For the present it k sufficient to know that a liquid may be 
maintained at temperatures far above Its normal boiling point, and 
that consequently its expansion may be investigated at high tempera 
turea In general* the coefficient of expansion of a liquid increases 
with the temperature, and at temperatures which are high for a 
1 TM» trw^fomuitioH ia «nutikr*d ia CkajjU'r V. Beetion H 
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liquid_ihiit is, temperaturfta near the critical temperature of that 

liquid—the coefficient of expansion may equal or exceed that of the 
permanent gast^r Thus Thiloiier 1 found Hint liquid carbonic acid 
expended between zero and 30" by half its volume at zero, which 
shows an expansion four tuntie greater than that of air h and Prion 
obtained similar result* for ether* sulphurous acid, and nitrons acid. 

A aeries of experiments waa executed by Him■' on the same 
subject, with a modified form of the weight thermometer,, consisting 
of a huge bulb containing the liquid, and a long stem containing 
mercury which overflowed at a point 11-2B m. above the bulb, so 
i hat the liquid ex [Winded under a constant pressure of nearly 15 
atmospheres. 

He expressed the dilatation A by mentis of formula of the type 
*=«*- hp+rf?*d&, 

and found that the coefficient of exjuneum of water at 180" C- was 
iLbout half that of air, while that of alcohol nt 160 was 0 017843, or 
about five times greater than that of air. 

1 Thiloricr, JitvN dr Chinn* rf dt Phyr. tOMk lx* JU rd7 N 1 @3=>. 

* Drain, Ann. de Chimir. ri ds Fhjft* a®, tom. h i. ]u 

* Hirti, Ann. dr Uhimir r.l <te I'hyt. 4 C torn. s. \k 32, UtiT. 
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120. DiMLitLon of the Thennometric Substance*—Having agreed 
td measure equal increments of temperature by equal absolute incre¬ 
ments of volume of some chosen substance under constant pressure 
we have already seen that for this substance the equation 

V = ?$+**) 

always holds true, where & i* a constant* namely, the coefficient of 
expansion of the substance at the chosen aero of temperature, nr the 
moan cocthdem of expansion between zero and A Iti order to deter¬ 
mine a for the thermametrie substance it i.-* necessary to observe the 
volume V 0 at zero and the absolute increase of volume V corre¬ 
sponding to any temperature 0, or if the volume r of a degree 
measure he known we have simply « = r V f|t The practical determina¬ 
tion of a consequently requires an accurate knowledge of the ex pan 01011 
of the envelope, and this may be found by the methods already 
described. 

These remarks apply to the 1 herns ome trie substance whatever it 
snay bu. For this substance the relation between any two tempera¬ 
tures and the corresponding volumes will always be, under the given 
conditions of pressure, 

=Air-ia 

which merely expresses that the change of temperature La proportional 
to the change of volume. Tie factor A is a constant under given 
coudiiions of pressure, Land i* therefore a fu nut ion of the pressure only, 
which can be determined when the Jaws of compressibility of the sub¬ 
stance are known* If the thcrmumcirk auhstiince happened to be a 
liquid at all temperature* obtainable, and if it reached a least volume 
r 0 at some temperature (like water at -T), then this would correspond 
10 the lowest temperature which it would lie possible to register with 
this substance. Taking this as our zero, the temperature measured 
from this zero might be called the absolute temperature for this 

iss 0 
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d-ubstii ei cu a and h denoting this by 0, wfl should have 

&=A (r “ r^}. 

For many reasons, already mentioned, it has been decided to trike 
some permanent gas m the standard thermometric substance, The 
idea] Limit to which such n substance approximates is exact obedience 
to Boyle’s law. If this law is obeyed, it follows that the product of 
the pressure and volume is proportional to the temperature measured 
from the absolute xero of an ideal thermometer tilled with a substance, 
always obeying Boyles law* so that the volume ? 0 is zero, and the con¬ 
stant A is proportional to the pressure. Hence for all such substance* 
when temperature is measured in this manner, we have the equation 

If tt : be the corresponding temperature on the centigrade scale, and 0 4) 
the absolute temperature corresponding to the melting point of ice, 
then 

0 = 0* + #. 

Let m now seek the mean coefficient of exclusion of such a sub¬ 
stance. In working with solids and liquids it wus not necessary to 
consider email variations of pressure. A small change of pressure does 
not sensibly affect the volume of a solid or liquid. In the case of 
gases, however, variations of pressure notably affect the volume, and in 
all practiced investigations such changes must be determined and 
allowed for* 

In the first (dace, let m suppose that the pressure is maintained 
constant, and that the temperature and volume vary, At any tem¬ 
perature 0* 0. we have the equation 

pv=K0 r 

and at 0* C. we have 
consequently 

f fl _ B - B„ P 
r # " 0* ^ 

and therefore 

is- *^ i 
*" rj = % f 

Hence the relation between the absolute temperature 0 and the contb 
grade temperature u is 

W - ™ 0* + 0 ~ +3, 

CL 

It thus apiicwrs that the mean coefficient of expansion between 0' 
jind if C- of any thennometnc substance obeying Eoyle“s law t-* the 
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reciprocal of the absolute temperature of the freezing point. This 
coefficient is independent of K, ihut is, of the other properties of ihe 
substance, and it therefore follows that if all the gases obey Boyle's 
Iaw t and it they all give the same absolute zero when used as a thcr- 
mometric substance, they will all ponses* the same coefficient of 
expansion, and via s ivrm. The whole question about gases, then, 
reduces to the examination of how closely they obey Boyle's law. 
This point will be considered in Art 241, At present we shall con¬ 
sider the methods by which the mean coefficient « has 3>een obtained in 
the case of ordinary gases, There are in general two methods of 
attach,—either by keeping the pressure constant and observing the 
change of volume between 0 and JOG* C- for any other temperature 
U C.) + or by keeping the volume constant and noting the correspond¬ 
ing change of pressure. The former gives the mean coefluient of j n - 
crease of volume, or the dilatation in the proper sense of the term, 
while the latter gives the coefficient of increase of pressure. If Boyle Vi 
law is obeyed these two coefficient* are equal, for the former is 


and Lhc volume being constant the latter is 

In general, when the pressure is kept constant, we have 

l tfr 1 1 tlv _ 1 

v 

Similarly when the volume is kept const ant, 

t 't r= \ l d P= 1 
p d& G" p* d# B a r 

The extent to which the coefficient of increase of pressure i* found 
by ox|kerimetit to agree with the coefficient of increase of volume w ill 
consequently furnish a test as to how nearly the gas under exam illa¬ 
tion obeys Boyle's law. 

121, Dilatation under Constant Pressure, The coefficient of ex- 
puneion ol the thermonietrie subitancc must be determined by directly 
observing its volume under constant pressure at two fixed tempera¬ 
ture*, unless'some law connecting the pressure and volume at constant 
temperatures has been previously established. If such a law- be known 
other method* in which the pressure h variable and volume constant^ 
or in which both pressure and volume vary, may be devised. If 
Eoylc’fl law' had not been known alt experiments on the expansion of 
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guaes would have been made by observing the volume under con stain 
pressure. As » matter of fact, this method was adopted in the earlier 
investigations, but it was ultimately superseded by other methods 
do]lending on the application of Boyle’s law. The practical difficulties 
attending the observation of the volume under constant pressure, and 
the errors attending the experiment, are much greater than those 
attending the observation of the pressure under constant volume. 
Nevertheless, it is of prime importance that the coefficient of expan¬ 
sion under constant pressure should be measured by direct experiment, 
atid the comparison of this coefficient with that obtained by any other 
method founded on some previously determined pressure - volume - 


FLkj. l *i ApjiiJ-Uui. 


relation at constant temperature, will furnish a test of the truth and 
range of applicability of this relation. 

The early experimenters on this subject were not aware of the ' 
great, importance of procuring the riir, or other gas t quite pure and 
perfectly free from aqueous vapour. Gay-Luasac 1 seems to have been 
the hist to pay some attention to this important point. The appa¬ 
ratus (Fig. IB) employed by this philosopher wans simply a glass bulb, 
A, furnished w ith a straight stem, AB. which was carefully calibrated. 
The air which filled the bulb was freed from moisture fay lieiiig passed 
through desiccating tubes before entering the bulb. The bulb wa* 
Hrst filled with mercury and then turned upside down, so that the 
mercury escaped and air entered through the drying tubes to take its 
place. A short index a of mercury was left in the stem to mark the 
volume cjf the air enclosed. The stem was maintained horizontal, so 
that the pressure of the enclosed air wax that of the atmosphere. By 

1 tay-LuAsaOi dt UkLmir H dt T*. tom* xliiL jp. 387 1 An X". 
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r-iz^L-1 i n u Elie barometer it Kin be ascertained if this remains constant 
d li rin g theexper imeritj if not,correspondingeorrectipns iii ust be ft \ 'plicel 
for the variation of volume arising from change of pressure. The bulb 
rind part of the stem wore immersed in molting ice aud afterwards in 
boiling water, the temperature of which was noted by mercury 
thermometers. Tho volume wan noted in both cases, and the mean 
coefficient of expansion deduced was 0^01337^- Correction, of courts, 
must bo made in such an experiment for the expansion of the glu^. 
The volume of the bulb and of each division of the stem, at some 
definite temperature is ascertained by weighing the quantity of mercury 
it contains at this temperature, and from the known expansion of the 
glass the volume at any other temperature can be calculated. 

The same value for this coefficient was independently arrived at 
by Dalton/ and afterwards these experiments were repeated and con¬ 
tinued by Du long and Petit/ and consequently this value of the 
coefficient was universally accepted as correct until Kndborgp a Swedish 
physicist, published a memoir giving the lower value OOGftGtG. 
Hud berg here pointed out the great importance of thoroughly desiccat¬ 
ing not only the air admitted to the bulb, but also the bulb itself, fcor 
this purpose the bulb was repeatedly filled with dry air and exhausted, 
while at the sanies time it was highly heated so its to expel all moisture 
from its walls. The oxjieriments of Rudberg wore, however, conducted 
at constant voUanu. 1 , m that Magnus 3 undertook the re-determination 
of the coefficient of expansion under constant pressure by the method of 
t tay-Luesae* The in ean of thi riy-t wo ex peritaenU ga ve a value difleri i ig 
little from that of Gay-Lussa^ the extreme values being 00038769 
and 0 003n&. The great divergence exhibited here led Magnus to 
abandon the method of Gay-Lui^c altogether. This method suffer* 

■ Dal Ed El ri?UDtl that 1000 mwures or air it - r M F- Iritt&mu 132& At 21 T F. 
[MtnmrM <tf th* JlMuArsttf Phil. voL v. pt. iiL ]*, SW t KB>1 in his Chtmicnl 
Pkitnmpby Ub iLtAtta I ti nt lOO0meii»uri‘* At 32 F. become l37&at 212", itHHutfing to 
Kin. li ami On x ■ Lu-snE'n « |k*ri men [ R*fpanlt n \*\wan to li nvc ra b taken D*Ston's 
meaning Bind fancied that an tUTOT had crept ill hnre, far be (Usvmr** f Azti- 
tlimi*') - l- RuJlwjrg LeTmiriL 1 *ati Sccend pnr Ulm ttmurqUA itii ported to, qui 

ivMl rU fait* *n l£13 par Gilbert Giibert, tom. xiv. p. 2tu j, mninqai 

liaptLineislttombtatout k fait dan*I'-oublS; saved?, quedesexf^riencevde MM- Dalton 
ot Gay-Lassie, q\iv Tori avalt reganl«i comme *yint doom* dra traulUt* prefcjne 
Identities, dilEVR'iL", ail contraEre* benucoap. 

This statement arose from lb* ■upppaftfftn tlint Dalton took lb*initial volume to 
be 1000 At 32 tf F. iudtcad nf 55 s F. He, however, expressly »Uto& that when the 
volume vrn* 1000 at £2i' F r It wan 1325 at 212 , and ^mentions Iel addition that he 
had not the mean* nf obtaining the volume ut 32' F. The coefficient ia ihui 0*00310, 
wbiqb la nenbiblj the a* she main ofOif-luma T i experiments, 

* tmlong and Feilt, Am*- d* Chimit ft df Phynyu#, - \ Eom H ii. p, 210, lSlfl, 

31 MagaWB, /*&!$+ V&L 1042; //aw.ctf Ghivu 4t df Phyi. 3 K h toln. vL p. 330. 


Day- 

LtlKirvr 


Rudberg. 
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from defect* which render the results obtained by it open to doubt, 
oven though the air endosefl by Gav-LusAie h^I been perfectly dry* 
These delects lie in the method of measuring the volume of the air by 
means of a moving index of mercury. In the first place, it. may be 
objected that the index docs not properly close the tube so ns to pre¬ 
vent all common lent] q] i between the air inside mid outside. 1 Magnus, 
hi fact, found that when the apparatus was brought to zero the air 
enclosed scarcely ever exhibited the same volume. Besides this a 
mercury index always sticks somewhat to the walls of the tube, so 
that the pressure inside and outside may differ slightly without 
moving the index* The errors arising from these sources are conse¬ 
quently sufficient to coudemti the method. 

122, Regnault's Experiments. After executing several scries of 
experiments by other methods depending on the application of Jioyles 
law to gases, Hegnault next attacked the problem of direct ly deter¬ 
mining the expansion under constant pressure. For this purpose he 
employed the apparatus shown in Figs. 20 and 21 , which may he 
termed a eonetant-pmsiirc air thermometer. The bulb was well 
dried and titled with dry air at the pressure of the atmosphere, (he 
mercury being adjusted m as to stand at a fixed murk u on the arm 
FG, and at the same level on the other arm, IJ, of the manometer* 
The tube op (Fig. 20) was then sealed up while the bulb was sur¬ 
rounded With melting ice. The bulb at this stage contained air at 
zero, and at the pressure il of the atmosphere, which was determined 
by reading the barometer at the time of sealing the tube **p. The 
ice was then removed, and the bulb was placed in a steam bath, the 
mercury being allowed to escape from the manometer till equnliiv of 
level, or a small difference of level h\ which was measured by means 
of a cathetometer, was secured- During this process the atr expanded 

1 R^ttltdfc Man* di Vhim . tide I tom, tv, p. 43, a!»o ir,*de Eoma 

experiment* an the tuptnafou of air by the method offijiy.LitWHKi, and obtained the 
numbers 

O-MftUl, o-00:w^, frwmss, 0-003617, OfHKjiKL 

All these numbera are less, t Il.iel those obtained by other method#* Atari thi* htaguAult 
IXttuffl™ remneliaLJe. Thi* might A?in« from tlm ini perfect cfo»[ng of the item by 
Liar menmry index. Thu* 1/ the index does not ylida jkir> tight in the ^tuns, then 
■whm the £** is i-sj*uiriiiitf the internal prepare is grc&ter lJj-h.ii iho extern aI, *nd 
.HOine air wall escApc from the btaJb p end the final volume will upg-Lar too iinnll. Shj 
Agsin when tlieeir ia contractiug the eit-mal pr^iurn exceed* the intemah utd air 
enters tits bulb. In the brat process, wirm ait crapes, jead in the teconri caJd dem^r 
nir enter*, ml that when the Apparatus again return* to Eero the volume of the Air 
ciuhteod would be gmter Hum before. In on experiment the index nt zero stood *t 
thm division 1527, omi al ICO the nading ni GS*^, and Afar returning to ZrT4 
the rending wjui lH + -f p the barometer not having ^Eutiblj changed L 
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RTitj (Hjcupicd p.irL of the graduated arm FG+ Let V # bu tbo volume 
of tbo bulb at zero. r t the volume of the aicpi up to the filed mark 
and v ± the volume ol the graduated tuba from a to the surface of the 
mercury. Then if the whole mas* of gas were at the same turaperuturc 
it* volume at Jtoro would bo Y a + *\ and it# volume at 0 would be 
{Y fi + r x + t^l + $&)t and if tho pressure were exactly the same in the 
second case m in the first the coefficient of expansion would bo give a 
at once by the equation 

E V s + *,)( j + afl)=(Y t +#* +%X 1 

the temporature ^ being approximately 100 C.j the difference urhing 
on account of the atmospheric prepare being not neceaflarily exaclly 
760 mm* 

la the experiment, however, the gas occupying the stem and tube 
was not at the same temperature as that in the bulb, ami the final 
pressure was not exactly the same as the initinL If the volume r ( is 
at the temperature $ x% and r s at % while the bulb is at tf and the 
initial and Hull presaum are ff + h and H' + A' then the full equation 
for « will be 


pf 


l ag * iTitf. 


. cJJ + «#.] 



(II +ft). 


This equation follow* from the application of the equation S/n (1 + «0} 
- constant (Bx, 4, p. 142) for the whole muss of gai. From this we 
have Keg (limit's formula 1 


i*a0 = - 

H+A+ 


iK’+t'jti+ir*) 

r H4* V H +*' 

V„ l 5- a*, ' V„ 1 4«s, 


* H'+y 1 

V„ 14 atf, 


where r i* written for r,(l -jitf,) and i replace* the corresponding 
terms in 0- and r t The terms in the ilenomiantor which embrace t 
aiul / also include a, the quantity sought, htit on account of the 
small value* of v and r compared with V u( an approiinmt# value of n 


• Id this equation #, anti t>i are frantically constant, while « ami C,Vafy. He yet 
dUrcmntUtlng with re»|*ct to # w* have 

V^r Ml4*K n 

l+ai» (l-t-a*)* U 4 ofl,/rf» 


HfUrf^ 


whtoh V.ri» s. I- 

M (l+rtKi-nwr 


That ia, the iacraase <!% of vol mix' wneapowjing to a cUrtnil* r»a of temper*! Of* dt 
v,irii>.-i ins* mely a, t hv mptarc of tit* ab**lll t<; tom p rat dto, H enw the wnaibiUty of 
theinstram*ntdsneeacau tha tom k mure rice*, ami thUciwatnawnea ledRcgnmlt 
Up reject the Mutant-presaUM air tbcnsionietcr. In the can of the Militant Volume 
ihmuomctor, ou the Other hand, the WMi'ibillty i » u , good at high temperatures a, 
At bw. 
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may be used in these terms, end the resulting value of a deduced 
from tlie equation. In this experiment the-accurate determination of 
the volumes \ r t , mid r* 2 is of prime importance, ns well a* certain 
knowledge of the temperature f?- of the hath enclosing the manometer. 
The volumes are determine'! by weighing the mercury which fills the 
corresponding spaces at some definite temperature, and the temperature 
of the hath is kept uniform by constant agitation. Another point of 
importance is the thorough desiccation of the nmnomet^r tub^ FG n* 
well us the bulb. 

The value of a obtained in this manner slightly exceeds that 
obtained by the other methods, but the excess is not m notable as to 
lead to the conclusion that within the limits of the experiments Boyle b 
law is MiuiUy deviated from. The first series of experiments gave 
the same coefficient for air and hydrogen, but in the later experiment* 
the coefficient for hydrogen was somewhat less than that of air, A 
similar result was obtained by Magnus. 1 The difference* however, 
was within the limit* of experimental error, and consequently nothing 
definite could be inferred from it (of. Art. 242), 

By varying the Initial pressure the expansion under different 
pressures may l*e examined in the some way. The results obtained 
by Regnault were as follows:— 


ExPERJJflKST-S I N UEK ATMOSPHERIC pRKvSrUK 


Air 

Hjdrog«a *. 
i ^rljcmii’ At-id + 
Sul| i]juji i ns Ago! 


. EMWaeVCWS C&rhim Miujuxide , T O'OU^e^S 

Nitrous Oxide „ . 0 ^ 7 ]^ 

K e _ oo37e&& Cvaiw^c u * chwsstot 

- U'Q43M£ 6 


When (he pressure was between 250 and 260 cent!metres of mercury 
(he coefficients found for stir, hydrogen, and airborne add were 
O'OOUSSH, 0*003661 G, and 0*0038455 resjiectivolv. 

In the case nf sulphurous acid great difficulty was always experi. 
eitced in thoroughly drying the gas, and it consequently bad to he 
ill lowed to enter the bulb very slowly, and so remain it long time in 
the drying tubes,- The coefficient- of this gas (or of any other), near 
its condensing point, increases with the pressure. Thus .it 760 mm. 
the coefficient of 80., was 0*003902, and at 980 idm. it was 0*003980. 

Within certain limits, however, all gases may bo regarded as ex¬ 
panding equally, that is, all gases sufficiently far removed from their 
condensing points approximately obey the law of Charles. 

1 JlngJiU*. slnn. dt Chimit it dr PKytiqut, 8* icmi. ir, p, 334, IS 12, 

1 With any Birth gu all air should be eaienilly swept unt of the dn-ine tabes 
Ware filling tfte bulb. 
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[The values of the coefficient of expansion of air have been 
determined by Witkowski 1 for a very wide range of prelim nod 
tempera turn. His method consisted in filling two similar bulbs with 
air at the game pressure, but at different temperatures The quan¬ 
tities o t air in the two bulbs were then compared by discharging them 
into eudiometers at Atmospheric temperature and pressure. From 
theso data he deduced the mean coefficient of expaaaion for the given 
pressure and temperature as follows. 

Let m v r F and 9 be the mass, volume, and temperature of the air 
in one bulb, and m T r g , and I the correeporiding quantities for the olher 
bulb, l»th being at the same pressure p. Then if the air in the first 
bulb be cooled to zero without altering it* pressure, its volume will 
become 


where Op$ is the mean coefficient of expansion between O' C + and 9 ; 
and if it be now heated to i\ its new volume will be- 

where ^, r has a similar rignificatioii. The density of fhe air will 
now be 

*■*( 1 
W+ 

and this will he equal to the density of the air in the second bulb, 
therefore 

rodj HhMflL.Hr 

■f+5i V 

from which we obtain 

In most of the experiment i was 16 2 C. The values of < 1 ^ were 
found bv experiments in which & wad equal to I, and the temperature 
of the second bulb w as zero. 

The pressure was deduced from the observed expansion of the air 
in the bulb at 16* C. when measured in the eudiometer at the same 
temperature, making use of AmagAt’a determination* of the compressi¬ 
bility of air at 16* (sec Art. 242), Witkowski compared this method 
of measuring pressures with that of the ordinary nitrogen manometer, 
lie found that the pressure* indicated by his method were slightly 
less than those registered by the nitrogen manometer. This may be 

* FAilMatjrr April 1W. 
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due, as I'r&t Callendar remark^ to surface condensation in the capillary 
tube of the gas-manoineter + 

Fig. 47 exhibits the results of Witkowskfs experiments. It will 
be noticed that the curves for the various temjieratures all converge 
at low pressures. This is in accordance with the known fact that the 
mean coefficient of dilatation ol air at atmospheric pressure h practi¬ 
cally independent of the temperature. 

A table of the values of is given in the paper.] 



123. The Pressure Coefficient. — The so-called dilatation of a gas 
at constant volume, or p more properly speaking, it& coefficient of 
increase of pressure, has been studied by Kudberg, Magnus, and 
Eeguaulb. The apparatus employed by all was almost exactly the 
same* the original apparatus adopted by Find berg being slightly im¬ 
proved and perfected by the others. In its ordinary form it constitutes 
a constant-volume air thermometer (Fig, 2G) + The bulb is dried and 
filled with dry gas as already described, and the mercury is adjusted 
so that its surface stands at a fixed mark a on the manometer arm. 
This mark was placed by Begnault on the wide part of the tube, and 
not on the capillary arm. He states that he could never obtain con¬ 
sistent results when the fixed mark was on the capillary connectings 
tube. 

Let us suppose that the bulb is placed in ice and filled with air 
when the pressure of the atmosphere is H, and the difference of level 
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in the arm* of the manooiBtur A. Wien it. ]& immersed in Stettin 1st 
the difference of level in the two arms of the moiioniotcr bo h\ and 
the barometric height IT. The pressure of tlie gas in the bulb ia now 
H' +Aj and its temperature is W C, p which it* approximately 100 C., 
the difference being determined by the deviation of H from the 
standard height 7CD mm. Af. before* if \ M denotes the zero volume 
of the bnlbj and r, the volume of the stem up to the fixed mark, the 
equation for u will be 





Hence we have Kegiiuuk'* formula 


. rf _d+W+*') 

1_ * > l (H' - tt-M 

K+ * " VJi + rtS 


/ 


The second term in the denominator being small, ftn approximate 
value of a may be employed in it, and the calculation proceeded with 
bv the method of successive approximations. The mean oF three 
series of experiments by this method gave 


a=0’W30fl7&. 

By varying the initial pressure, that i* the height h, the etfect of 
pressure may be examined. The Following table is taken from beg" 
nau1t + s second memoir : 1 — 


Pressure Coefficient ton Am 


rttMUH Wt 

Pri j n*i:nr ftr ■, 


109 l 73! mat. 

H9H1 mm. 

o-oemss 

174 IIS 

W‘I7 

0TOJM3 

-imm 

305*07 

Oi>03flS4a 

37«**«7 

510'3i 

0003^87 

370*23 

510-0? 

Q-OOSS&72 

700-00 

, T . 

e-0MM60 

M79-.IO 

228«*09 

owaertjy 



OWIW800 

2H4-28 

S&S4-M 

ODGttflM 

atf5&“fn3 

49t3!i'Oa 

0W37001 


From this table it appears that * increases gradually for air a® 
the pressure becomes greater. I his indicates that there is a filial! 
deviation from Boyle's law, which becomes more ami more marked as 

1 KcgliftlUL vLin, dt CkinvU it dt Itytiq-,w* IK tom, v* \*. fili. 1H4LH, 
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the pressure becomes more elevated, In the case of carbonic add this 
deviation is much more distinct^ in* shown by the following table;— 


Carbonic Acid 


Ft^U» 1L Et'ni. 

Frtvfur? ht, 1 wr. 

‘ 

?5§ r 47 riini. 

1034-54 mils. 

0-0030353 

fiOt-09 

1280-37 

0-00301?43 

1742 73 

23S772 

O'0C87523 

358S-07 

47&0Q3 

O-003*5f>8 


J24, jChcipputs* Experiments,—Careful determinations of the 
values of the pressure coefficients of hydrogen, nitrogen, and carbon 
dioxide have been made by Chappuis 1 by means of the constant 
volume thermometer described in Art. 92, In that article the 
pressure coefficient a r is treated as a known quantity. Using the 
formula there given. fl|* may bo determined if the temperature is 
known. Taking the pressure at 0 O. to be equal to that of a column 
of 1 metre of mercury under standard conditions, and observing the 
pressure at IDO* C., Chappuis found for hydrogen 

op =0 '00360254, 

This is + of course, a constant on the scale of the hydrogen thermometer. 
In the case of nitrogen he enclosed the gag in a constant volume 
thermometer with a porcelain bulb and measured the temperature 
with a hydrogen thermometer. The values of *t ? obtained between 
0 C. and LOO C. wore the following:— 


TBIDfrfmlPrr 1 , 

*#*■ 

T«mpr*f»tllTT r 

• 

*** 

0 H 

O-C036T885 

70 

0'00307384 

20 

560 

.so 

im 

40 

401 

00 

m 

50 

427 

100 

aaa 

tiO 

400 




According to this table the pressure coefficient for nitrogen 
d inn niches up to about 80 C, and then increases again. This increase, 
which is of the same order of magnitude as the probable error*, is not 
in accordance with our knowledge of the variations of the coefficients of 

1 Tnipoiix f t AttrturtrtM du ISurtau inttrwttvHwl da Puftte rl Vrthm, tout, vj 
1538. mt. -Ifa$. r Oei. 1000, Feb- I M2. 
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gases, Hence Chappuis considered it- more probable that the coefficient 
approaches a definite limiting value for each initial pressure which in 
this case seems to he attained si about "5 b ao i nitrogen would, 

at all higher temperature*, behave like hydrogen, its compressibility 
being less than is required by Boyles law. 

This assumption being made, it is easy to tabulate the correction 
to be applied to the readings of the nitrogen thermometer to reduce ^ 
them to the standard scale. merarfer. 

Let the curve P # IA (Fig, 43) represent the relation between the 
temperature and pressure of nitrogen when the volume is constant, 
according to Chnppuia’ experiments. The ordinates are pressure* and 
the a fasciae temjHjralures. Putting 

where P c is the pressure at 0 C. and P the pressure at & . we have (if 
wo regard as constant in dittoreutiating) 

1 tiF 
*t s R ‘ W 

so that Up is proportional to dV d&, that is, to the tangent of the angle 
of slope. The curve will have a point of inflexion at I corresponding 
to a temperature of about T5" if the values given above for a, are . 
correct, Chappuiu, however, assumes ( hat at about 75 a, attains a 
limiting value 

a^^-OOteJiSW, 


#0 that beyond I the curve become* straight. A* the pressure at 
100 ia more accurately known than p 
that at 75\ it h better to repre 
soiit the relation above 100 by n 
straight line AB through A and *5 
parallel to the tangent at 1^ rather ^ 
than by the tangent at I* If we 
continue this line backwards to cut 

the nresfiure asie at P',,, then P B ___1-L— 

1 -L J.L o 7| IC'D 

is the fictitious pre&eure which toe 
go* would have at 0 if its pressure 

coefficient remained constant down to 0* C. We have evidently 





where — l, ami V 1Cu l'367466 in metres of mercury. Putting 
then, to represent the line P^R’, 

P ^pyi + OHp 
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we hikve 




=vwmm. 


[|L the formula ordinarily n_scd a i.t. equation (1) above, tip is taken 
as the m&ui coefficient between 0" m& 100 r h ami the \\m F |a B represents 
the relation. To calculate the error for any temjwaturereading fl, 
find the corresponding ordinate to AB and then fiiifl the tetnpeiaturft 
which gives an equal ordinate to AH'; this will l>e the corrected 
reading (see Art. 92). 

The following table contain* the mean values of the expansion 
and pressure coefficients for hydrogen, nitrogen, air p mid carbon dioxide 
according to Chappmg, and for krypton, argon, and helium according 
to Ramsay and TraveraJ] 


OjqiU T* em*. CubkL Vni|_ F 1 ,,, ILHF rati*. 


Hydrogen 

Air 

Curbou diox ilia 
Krypton 
Arioit 
Helium 


■oowros 

O0M70I 


'MMtm 

■mars 477 

WMiil i 

■003fi?IO 

■ouaiwm 


■(KJSGSlli 

mmn 


1S5. Method of Variable Pressure and Volume.—A method in 
which neither the volume nor the pressure remained constant through¬ 
out the experiment was also employed by Regnault, This method is 
based on the assn rapt ion that the gas obeys Boyle's law, and was 
devised by D along and Petit for their experiments on the comparison 
of the air .and mercury thermometers. It was also employed by 
liudhorg to determine the expanded of nir. The hnlbs used by Rud- 
berg were spherical and small, containing only 150 to 500 grammes 
of mercury, Regnault employed much larger bulbs, which contained 
800 to 1000 grammes of mercury, and wore cylindrical, so ns to avoid 
errors duo to refraction ih observing the level of the mercury surface 
through I he glass. The first operation was to fill the flask with dry 
air at the boiling point. For this purpose it was immersed in the 
steam of boiling water, and connected with drying tubes and an air 
pump, tts hIiowji in Fig. 10, so that it could be exhausted and drv air 


1 i'Hl. Train,, A. r 
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admitted several times. The bulb, having been thoroughly desiccated 
am\ filled with dry nir p WM allowed to remain in the flteam for about 
half an hour. The drying tubes were then removed and the tip of 
the stem sealed up, the height 11 of the barometer being noted at the 
same time. The flash now contains air at a pressure H and temfieni- 
ture which is approximately 100' C- 

Tbe second operation consists in placing the flask up shown in Fig. 
50* with jta stem dipping under the surface of :t basin of mercury and 
its bulb surrounded by melting ice. In this position the tip of the 
stem is I woke n with iron pincers, and the mercury rises i n the tube 



vent a false equilibrium occurring through the sticking of the mercury 
to the walla of the tube. After standing thus for an hour or more 
with the bulb sur rounded by broken ie*? p the height h of the level of 
the mercury in the bulb, over that in the cistern, is measured by 
means of a eat he tame ter. If H' be the height of the barometer the 
pressure of the air in the bulb U now FT - h t and its mats* ie the same 
as before. It now remains to determine its volume. For this purpose 
a small metal cap containing soft wax is dipped over the tip of the 
atom so as to close it, that the bulb and the mercury it contain* may 
be weighed. When this weighing is effected, the instrument is com¬ 
pletely filled with mercury at stero and weighed again. The difference 
of weight gjves the volume previously occupied in the bulb by the 
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air at wro. For if Y fl be this volume and V ihe volume of e he whole 
bulb and atom at 0 , and if W Cl be the weight of mercury that fills 
the bull) at aero, and w the weight of the mercury that ascended into 
it from the bath, wo have 

V W, 

Y<T%~w 

The volume of the whole instrument. at ft* is V(1 + owing to 
the exclusion of the glass ; therefore, making use as before of the 
combination of Boyle’* and Charleses laws (Fx, 4, p. 142}., we have 






or, from the previous equation, 

Wtfl +^)ttz=(W rj - - A), 

or 







The coefficient deduced by Regnault as the mean result of his experi¬ 
ments by this method wm 0 0036623, 
the extreme numbers being 0*0036689 
and 0'003Go49, His menu result is 
thus somewhat greater than that de^ 
duced by liudberg; and Regnault 
attributes this to a source of error 
arising in t his form of experiment and 
riot noticed by Rudberg. This occurs 
in the drawing in of small bubble* of 
air with the mercury as the latter 
rises into the bulb in the second jxirt 
of the experiment, and the errors 
arising from this source will l>e more 
marked the smaller the bulb. This 
aspiration, in Eegnault'a opinion, arises 
from the fact that the mercury does 
not wet the glass stem, and a film of 
air enclosed between the mercury mid 
gilts* is drawn in with the mercury as it rushes up the stem sifter 
the tip is broken offi 

In order to avoid this, Regnault encircled the stem with small brass 
rings which amalgamated and made perfect contact with the mercury. 
He also covered the surface of the mercury with a layer of sulphuric 
acid* which was removed before thy measurement of the height A. 

Regnault conducted a further series of experiments with a modi- 
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ficd form of up|KLr£Liite. In th^ise investigation-* the stem of the air 
flask was made long* &o that when it wa* opened under mercury the 
mercury ro#e to a considerable height in the -tetn, but did not enter 
the bulb, In this case h jg large, and the pressure H h of the gna 
enchkied is small, but its volume 13 nearly the same throughout the 
whole investigation, so that the apparatus is practically a form of 
constant vol lime ai r t harm omet er. T he coetticie n 1 foil nd by 1 hi b met h od 
wit* sensibly equal to that obtained by the foregoing, being 0*0036833. 

The general conclusions at which Begnault arrived after Ins 
elaborate investigations were— 

(I) That Gay-Lu&s&cV coefficient, 0*00375, was too high, ami that 
RndbergSj 0'003645, whs too low, am) should he replaced by the 
number 0 00 SC6 5. 

{2} That alt gases do not posse*.* exactly the same cuoffieiem of 
expansion, and that for the same gas the coefficient at constant 
volume differ* somewhat from 1 hat under constant pressure. 

(3) That the coefficient of expansion of all the ga&ea examined (except 
hydrogen) increased with the density or Initial pressure of the gas, 

(4) That the coefficients of the several gases approach equality a* 
the pressure of the gas decreases—that eb, when the gais is taken in a 
highly rarefied condition. 

These conclusions imply that nil guse* do not obey Boyle s law 
with the same degree of accuracy, but that when ihey are taken at 
low pressures and high temperature#, or in a highly rarefied state, 
their obedience to the law becomes more and more exact. 1 

1 The tnaati c&tftkieitt found by lldfrur Bfowart iPkii fruju,, ISSft, \k 42£0 

0 -0006728, Tin? tuetbed rmpl&ysd was similar to that ikfoptiid by Risdlwr^ 
mid used by KjpgiaMilt, but abandoned for tbfl form of in Fi^, 

The tqaiiBincter utlw* dipped into* clo&ed reservoir of niemtity fbniLilml with* 
screw plungar, by muilis of wbfoli the mercury «snld be forced into ilui tubes and 
the level kept at the lised Ri4rk. 

The following numerical coefficient* wore obtained by tti^iaillt for bi- various 
tffta thermometer* 1— 

A ir tbcrtii-oiUieter Bmn ml 272 'bS =( '003005}' * 

440 Dim. pfounre M ^7!2^0 = { t CH>3fl632i‘ J 

1490 mm. praaBire ,* 272 J J0—{IJOWST} -1 


27159=^*00 m2)* 
270*1 (-003530) ] 

263'0 - i '003794/ 1 
20 L-4 ^(-093*25} 1 


O0 S at 404 mm. 



,* „ 751 mm. 


In the cm of liydrogen K tteguaui.lt atatrs that the coefficient used wa*(OOSRSa^ 1 
= 37S'6£. Tbii T JLS Lord Kelvin point* out, must be a mistake, m the fioeHidcnt 
„f dilatation of hydrogen ™ found to hi 1 -0O3WJTS at ronitaht vohune, nml 
'00,05*10 at constant preaalirc dtM tom* i* |<y r 7fr, SO* 9l r 115, llitJ F 

and be nowhesxs finds any aiualk'F value than wcieoi. 
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126. Three Principal Dilatations. —In the ease of inotropic sub- 
stances, the dilatation; like the other physical properties h the same 
In sill directions, but in crystals the r expansion in any direction 
depends on the relation of that direction to three mutually rect¬ 
angular axes, called the principal axes of dilatation, which are not 
necessarily the same ns the axes of symmetry or crystallographic axe*. 
Thus, in general, crystals expand differently in different directions' 
nod some, while expanding with rise of temperature in one direction, 
contract in the perpendicular direction. For this reason a portion of 
a crystalline substance which is spherical ^r, one temperature will not 
be: spherical at any other, and a cubical portion at one temperature 
will not remain cubical when ihc temperature changes. 

If small bat* he cut from a crystal parallel to the dilatation 
axes, their coefficients of linear expansion will differ, The linear 
coefficient of expansion of a bar cut parallel to one axis will be A s , 
that cut parallel Lo another ^ and thru parallel to the third A,. 
1 1 follows* therefore, that if a cube ol Side at zero be cut from a 
crystal with its edges parallel to the dilatation axes of the crystal, its 
edges at any other temperature tf will be 

Ul+Vh Ul*V). Ul+V>- 

Hence its volume will be 

V-fiti^VXl+VXl+Wh 

or 

V=V u (! + X^i + ^)(l + V}. 

Tbe coefficient of cubical dilatation is therefore 

V - v, 

® = fj — A j + X. + Ajj, 

neglecting the products A 1 A S? etc. 

In tbe case of amorphous solids and crystals of the cubic system 

zie 
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A t = A* = A. p ami the cubical dilatation is three times the linear 
expansion. 

In uniaxal crystal! s there is an axis of crystal line hymiut 'At\\ 
perpendicular to which the physical properties sire alike in all direc¬ 
tions. If k x lie linear exclusion parallel to this ns2s, then the other 
two principal elongations are equal, or A H = A 3 ; therefore for such 
crystals there are only two principal dilatation^ and the cubical 
dilatation is 

0 — ^ J 


127* Change of the Dihedral Angles of Crystals, —One of 
the most noticeable effects of crystalline eijjftiisioii is the change of 
the dihedral angles, that is the angles between ihc plane face* of the 
crystal, with change of temperatUre* Tims if ABCD ff'ig' *’l f 11 )} be 



the cross section of a square prism of a crystalline substance, cut so 
that the diagonals AC awl BD of the section are parallel to two of 
the principal axes; then, when the tempomtorc rises, AC and BD 
becuine elongated by different amounts, attd the cross section of the 
prism remains no longer square, hut changes into a rhombus A It L D. 
The angles at A and C become acute, while those at B and D become 
obtuse. If two such prisms be cemented together with two edges 
in contact, whose angles become more obtuse by heating, then if 
when cool the two upper faces form one coitlinuous plane, they 
will, when heated, be inclined as shown in lig. -M (Ji% Exceedingly 
small inequalities of expansion in different directions may be 
detected in this manner by observing through a telescope the image 
of a distant object formed by reflection at the polished surfaces of the 
combined prisms, 

Mitecherlieh seems to have l*e«u the first to notice that crystals 
expanded differently in different directions, and his method of 
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observation * 1 consisted in determining the variations of the dihedral 
angles of crystals with change of tempera lure. The angles between 
the plane faces of a crystal may he measured with groat accuracy 
by optical instruments, such m the reflecting goniometer, and such 
measurements arc in general more exact for these investigations than 
any direct measurement of length. The method, however, does not 
give the absolute dilatation, but only the difference of the nefficidntE 
of linear expansion in the direction of the diagonals of the prism. 
Denoting these by A x and A* we have 

tarn OU'A' = J •*££«1 +{*! - A,1S. »piiroi,, 

jim I OB' A' ie half the measured angle of ilie rhombus. 

Another relation between the principal elongations is obtained by 
measuring the ciihicul it Halation. This gives the sum , A 2 + A ;l , 
m nl pfv be determined by means of the weight thermometer. If 
the crystal i* uniaxal we have A* = A^ and these two measure¬ 
ments determine the elongation* A 1 and A*. Mitscherlich s and 
Didong determined the cubical dilatation of a number of crystals 
lay the method of the weight thermometer. Any two other observa¬ 
tions combined with this determine the three quantities \ v A^ A,, 
A series of experiment* on this subject was executed by PfafT, 1 * who 
found that Iceland spar and beryl contract traca aversely with rise of 
temperature. 

128. Linear Dilatation In any Direction.—So far we have only 

considered the linear dilatations 
parallel to the principal axes 
of dilatation. The linear dila- 
Union in any other direction 
may lie simply expressed in 
terms of the quantities A |f A^ 
x A* and the angles a, ft y, which 
the direction makes with the 
axes of reference. 

Let the axes of reference 
0X f OY t OZ {Pig. 52) he taken 
parallel to iho three principal axes of dilatation, and let ihe co¬ 
ordinates of any point P ho x t y T c T at the temperature zero. Th& 
distance of P from the origin ia given by the equation 

1 MiUcherUah* Ann. dt €himit ft d* I*k¥$iqu* r ‘2? t Urns, xxv. Jl 10S 8 l£2-l tom, 
XXXiL p. Ill* 1623- * Mltifihflftioll, Ann, voL slL 

1 rf«ir K Fwjq. Ann. voh, cir H cvii. r 1S59. 
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iVt any other temperature 0, P will occupy a position 1*, the co¬ 
ordinates of which arc 

(l+MK O+MWt (i+Vfc 
and tlie distance / of F from the origin will 1m 


r«=(l -I-Ajtf ft* 1(1 + \<* iy + (1 + M**, 

or approximately 

r"= j* + IWIM* +Atf 1 * M). 

Sow, by the expansion, the line UP becomes the lino OP', a ml there¬ 
fore the linear dilatation in the direction OP, that is of a bar cut 
parallel to OP, is 


\= 


r» 


But since r + / is very nearly equal to 2 r, we have 

,/r r'* - f 3 Vttf +y j 

r# ' r* 

or 

A = kflotf* 4- Ajc cerf} + V»rfhr, 

where «, ft y are the angles which OP makes with the axes of 
reference. Thus by three mauturements of A made in any three 
known directions, the quantities A,, A. ;1 A 7 can be calculated. 

COIL 1. The linear dilatations, A', A", A", in any three mutually 
rectangular directions are such that their sum, A + A - A , is constant, 
and ^qiuil tii the cubical diilatfttion. 

Coh. 2. In a direction oqutJly iticlinwl to the nxw wy hnvis 

coa^ - cot'hf = 4, 

and a single measurement of A in this direction give# the cubical 
dilatation a - "A. 

Cor. :i. There are an infinite number of directions parallel to 
the generators of the cone (when real) 

along which there is neither contraction nor expansion. 

This property is possessed by certain classes of marble. Brewster 
suggested the use of a rod of marble cut in this direction us a pen¬ 
dulum of invariable length, 

128. Fizeau’s Optical Method,—An optical method depending on 
the colours of thin plates was designed by M. Fisau 1 for the measure¬ 
ment of the dilatations of crystals and other substances, which can 

i KiieaU, Ann- tie Ckimk it tit Ph#ivp*t, **, tain, it, 156-1 , anrl Toro. W»i. 
|>. 335, 1856. 
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only be obtained in ™all fragments* The substance to he examined 
wm cut into ji plate with parallel faces* and from 1 to 10 mm, thick. 
This plate* r (Fig, 53), rested on a plane metal disc, AH, which was 
supported on three adjustable screws passing through it near the 
circumference. On the upper extremities of these screws rested a 
glass pkte T CD, which could be brought very close to the crystalline 

£ __ U plate by adjusting the supporting screws. 

A beam of light fell perpendicularly on the 
glass plate,and pissing through was partially 
reflected at the upper surface of the crystal 
When the; air film between the glass plate 
hr C— 11 and the crystal is sufficiently thin, coloured 

—- - —^- fringes are produced* which vary with the 

thick ness of the film, 1 When the tem¬ 
perature the thickness of the crystalline plate changes, &£ 

well ns the lengths of the screws supporting the glass plate. 
Hence the thick ness of tlic air film between the glans plate and 
the crystal will chitnga by an amount equal t*> the difference of 
the expansion of the crystal, and the expansion of the length of 
screw between the metal and glass plate. But when the thickness 
of the air film changes the fringes are displaced, and from observation 
of ihis displacement the ehangti of thickness can be calculated., and 
hence the expansion of the crystal deduced* 

By this means exceedieigly &m&ll changes of thickness can ho 
observed. Thus in order to displace Newton's rings through the 
width of a bright or dark band, n change of thiekness of the air him 
of uno fourth of a wave length of light ja sufficient, For yellow light 
the wave-length is about G'OGOfjS 1 mm., and a diepkcemcul of one- 
fifth of a band width can be easily observed* so that a change of 
thickness of tlie air him of loss than jcnUw El millimetre can lie 
detected. Thus a plate of ruck crystal 5 mm. thick dilates by about 
of a millimetre, when the temperature changes from 10 to 50 
Cr t and illiif would give a displacement through nine entire fringes. 

In order to observe the displacement of the firmges, tines were 
ruled on the glass, and the position of the fringes with respect to 
them could Iks o1>6trrved. The light thus Etctg the |iart of a moat 
dehcato micrometer, the only condition necessary being an exact 
knowledge of the wave-length of the light employed, 

1 I f 111 l 1 tiurftLcra ware accIrateEj plain and l^mtkl, ft beUBI df puilltl light 
filling m the appamtiuft weald ml produce fringe but only a c«mta colour over 

Iho nL(33 ; ill practiL'c^ howcm, jwrftrclly Iikpc flurfaccs are nev^r milled, and 
frmgca of saaiu W*rt ire alw4y* jKestnLeil. 
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The whole apparatus could be placed in mi oven, and maintained 
at any desired temperature, The expansion of the screws was 
determined by making observations without the plate of crystal 
between. The earlier forms of the apparatus were made of steel, but 
iti the later an alloy of platinum with ,' ff of iridium was used, on 
account of its greater stability in all respects. If the crystalline plate 
is transparent its lower face should be blackened to prevent reflection 
at that face, and thus secure greater distinctness of the fringes. 

Fizeau worked with three equidistant teiuj^eraturos ~ 10 T 10 , 
70“ 0. Writing A and a in the forms 

he obtained for emerald, which belongs to the hexagonal system, 

\ : - o-woooiofi+o-oooowoi it. s - +o > 

+ 0'aoD(HH3"+0'Oo«oeoia3(tf-4Ci); 

ft ^ + 3X^=0 *<X>QO0 tfS + 0“40* K 

Thus within the range observed A, is negative, fatal emerald con¬ 
tracts along this axis as the temperature increases. It also appears 
that the cubical dilatation a is positive above the temperature - I '2 C. 
and negative l»alow it, and consequently at this temperature emerald 
appears to present a nnxiuiiim density us in the case of water at 
1 C. Fur diamond, which belong* to the cubic system, 
ft - = 0-OOOOOSN +■ Cl‘OCW£W&043L J V &- W' 

and a niaiimuTti, density i? presented at the tfflttperatitfc — 42 t - 
In the case of oxide of copier (cubic system) 

o_a!t=e , eoo(W 27 S'+Q'OooQOOoa ;;\e - i<n, 

bo that a maximum density is presented at the temperature -4 ’■ 
Iodide of silver exhibited a negative coefficient of dilatation 
throughout the whole range of temperature employed, 10 to + 70’ 
Within these limits it contracts when the temperature rises, and 
expands again on cooling. The formula for a, however, points to a 
minimum density at the temperature - SO C- 

[An improved form of Fixeau 1 * apparatus has been used by A, E. 
Tull on 1 in determining the expansion of crystals and also of porcelain. 
The light was produced by a Geissler tube, the C and F lines of 
hydrogen and the green line of mercury being found ltniHt useful. 
The cover-glass CD (Fig. !>3) was slightly wedge-shaped, so as to 
throw the light reflected from the first surface out of the field of 

■ FkH Train, tpL exeL 313* JS9&- 
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view of the observing telcsco^ as this light would interfere with the 
production of fringes, The wedge-shaped rover-glass was corrected 
by a similar wedge-shaped glass arranged above it, but turned the 
opposite way. The temperature could he raised to 120' C. It was 
found that, in order to measure the temperature accurately* the 
thermometer should be in actual contact with the tripod and not 
merely Intiig in the enclosure. The instrument eoidd be arranged to 
give approximately the absolute linear expansion of the substance, by 
eliminating (he effect of the expansion of the screws by means of un 
aluminium compensator. This is a plate of aluminium of such thickness 
that its expansion is very nearly the same as that of the projecting 
parts of the iridio-platinuni screws. As the expansion of aluminium 
h more than double that of jridta-phtinura, when the compensator is 
laid on the table AB plenty of room is left above it for the crystal 
to be experimented on. If the crystal does not reflect well, the 
compensator may be laid on it* and the re Heeling surface of the 
aluminium used instead. The compensator does not, however, add 
anything to the accuracy of the instrument The reflecting surfaces 
being nearly true planes, the fringes produced were nearly straight 
and travelled acres* ihe field of view as the substance was heated. 
A correction way made for the change in refractive index of air on 
heating,] 
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ISO. The General Methods of Calorimetry— The immurement 
of quantities of heat lij any met hod has been styled Giloriuictry, and 
there is perhaps no department of scientific research in which experi¬ 
mental skill is more constantly and severely tested. In such measure¬ 
ments we require no knowledge of the ultimate nature of heat, whether 
it be a fluid or an action, either at a distance or propagated through 
a medium; the estimation is -“imply based on the measurement of 
some effect attributed to heat. For this reason the term “ quantity 
of heat,” although introduced at a time when heat was supposed to 
be a fluid, may still he retained with a certain definiteness of meaning, 
independent of any theory, just an quantities of light and quantities 
of electricity are referred to with a certain amount of intelligibility 
without necessarily implying a complete knowledge of the ultimate 
nature of cither. 

The general methods adopted for the measurement of quantities 
of heat ntv be placed under two heads, depending on 

(1) Change of State, or Latent Heat Calorimetry, 

(2) Change of Temperature, or Thenuometric Calorimetry. 

The first group embraces those methods which are founded on the 
fusion of solids, or the condensation of vapours, or on the reverse 
operations, and includes the in and steam calorimeters. This method, 
since it depend* on the latent heal of fusion or evaporation, requires 
the use of fixed temperatures only, and does not necessitate the 
employment of a thermometer. The second group, on the other hand, 
embraces those methods in which the temperature is variable, and the 
measurement essentially depends on changes of temperature. In this 
system the estimation is reduced to the observation of temperatures. 
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und Elk 1 thermometer become* the instrument of prime importARce, 
For this reason it has Wn termed thermometrie calorimetry. It 
embraces the celebrated method of mixtures so extensively employed 
by Rtigmult, and the method of cooling which wag perfected, by 
Dutong and Petit. 

131. Units and Quantities of Heat. —The employment of these 
two general methods in calorimetry has led to the adoption of two 
different units of beat. In the method of latent hciit the substance 
usually employed was ice* and quantities of beat wore measured by the 
quantities of tee which they melted. The unit of heat in this system 
was naturally the quantity of heat required to convert unit weight of 
ice (at the inching point) into ice-cold water. In the second system, 
quantities of heat were measured by the quantities of water which 
they raised through some definite-- range of temperature, anil the unit 
chosen in this system was that which u now generally adopted, namely 
the quantity of heat required to raise unit, weight of pure water one 
degree in tempurature* When the unit of weight i* taken as one 
gramme, and the degree centigrade as the interval of temperature, the 
unit of heat uuiy Ihj termed a wlori^ and it is in terms of this unit 
that quantities of heat arc now chiefly expressed* The first unit is 
about eighty times as large as this or the quantity of heat required, 
to liquefy any mass of ice without raising its temperature would raise 
the temperature of a mass of water eighty times m great through one 
degree centigrade. It w \n this sense that the latent heat of ice is 
said to bo tfQ. 

A third method of obtaining equal quantities of heat, or any 
multiple of a quantity, is by means of a steady flame, or any body 
maintained in a state of steady incandescence, or by a wire kept at a 
steady temperature by mean* of an electric current. Thus a certain 
quantity of beet w ill be developed by the combustion 1 of a gramme 

1 If equal quutltttt of hfrtt ba veil to tquul iiia^-i of two Hid^tanees their 
ftpfriffc hent-s will hu inVerusLy *s I hr oorfeipondin^ danger of r^jwnluiv. The 
L-Icctric method wm employi-d by Jon In, and th^ cumh ll>| Lon mftthtid w*.s u*#d by 
liljiGk, hut man abandoned on account of its many sources of ituiFriirajcy,, ]| was. 
llOTOTer, more recently n»H| by Thorns h {Jfwmni d<t n^{qut t tom, ip. 35 S with 

gmUriBHUi. (Hkn'c method iamealfontHl below, p. 327.) Tbotnsen operated 

with ftbcrnC * litre of liquid placed in n ddfitnetar* which wa* hi-au-ij centrally by 
tlif combustion of a ccrtai ii ma*« nf hydrogen, which wu tho same in nil 
He commenced each ixperiment with the tempentare of the calorimeter *# nitich 
bflJew thj| of the air a> Ltfl lma| temjwratqrt wa* ahfflTO it. Mariguaii employed a 
bijp-bulW thermonietf-r liEldl with waterU heater (1 Jim's method i. and climhifttcJ 
the radiation ODfT-Klmi by Varying the ma>s of liquid in the caioTlEneter, ho tliat the 
final temi^rattiu? Wa* the witno in all expioimant*, and the sank* ns that attained by 
a known quantity of water in finuihrr n*pfrin»Dt. Tim quantity of beat irapplird 
bailiff the same in all w*% it followed that the ajvcihc heat* of the various .hub- 
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of hydrogen in oxygen, mid ■■■ lime* m much will be produced by the 
combustion of a grammes under M 10 same conditions This method, 
however, suffers from many imperfections, and is difficult to work 
with* besides requiring for accuracy many precautions and auxiliary 
experiments. 

The convenience of the calorie arises partly from the cotiitiarativO 
facility with which pure water can bo procured, and from the fact 
that, sensibly the same quantity of heat is required to raise the 
temperature of a given mass of water one degree at any temperature 
between the freezing and boiling points. This property of water 
must be tested by mixing equal messes or known masses, of water at 
different temperatures, and observing the resulting temperature of 
the mixture. If equal masses at temperatures f# and & be mixed, 
and if the same quantity of heal is required! to raise the tompwature 
of each one degree at all parts of this sc ale, then the temperature of 
the mixture will be the arithmetic mean of 6 and that is j(0+ 

If the temperaturo of the mixture differs from this when all correc¬ 
tions art- allowed for, it is to he concluded that the quantity of heat 
required to raise the temperature of the muss one degree is not the 
same at nil temiwratures, or, in other words, the thermal capacity 
(Art. 23) of the mass varies with the temperature. 

If the Unit of heat is definitely chosen ns the quantity of heat SpwHto 
which will raise the temperature of one gramme of water from 1 9 '5 to Witrfj 
20 '■]) C. t then a quantity Q of heat is that which will raise the tempera¬ 
ture of Q grammes of water through the same interval, and not the 
quantity which will raise the temperature of one gramme of water ii 
C. The latter quantity will bo the same as the former only if water 
happens to possess the same thermal capacity at all temperatures. 

The moat recent investigation* an this subject show that the thermal 
capacity of water is not exactly constant, hut diminishes slightly bom 
zero to about 40 C«, and then gradually increase* again. It thus 
exhibits a minimum value at about 4-0 C+ The variation is, however, 
very small, and consequently we shall hereafter speak generally of 
water as if its thermal capacity remained constant at at) ordinary 

stride* vm iawsely a* the iumm*, For if g E* thr qw% of ht*i *uppli«d in 
rub by thf h^ler, H lb* quantity Vmt by ndffttira, *nd s ihe cMiifffl of 
Ic mi fwrilun 1 , wii b'lvn for teMB M-d ** 



TJjo wsqlu obtained by Thomsen «d by iW mHtlicdsigiw remark My 

Well 
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temperatures, and with this license wc can say that the quantity of 
hen t required to raise the temperature of m grammes of water from 
6 to ff is 

:md this assumes that the sf^cifle heat of water is unity between the 
temperatures S and 

In most cun in which quantities of heat are measured it is 
assumed that in the interchange of heat between two bodies the 
quantity of heat which one loses is the same as the quantity which 
the other gains. No third body is supposed to take part in the opera¬ 
tion, and heat is supposed not to be develops! or destroyed by 
chemical or other set ions between the bodies. Thus if two Indies 
A and B at different temperatures are sinndtaneousiy immersed in a 
known weight of water, they raise its temperature by a certain 
amount, and it is found that the final temperature of the water is 
the same if A and B arc first brought into contact, so as to come to 
the same temperature before immersion. In the first case the heat 
is directly transferred from A ami B to the water; in the second 
case some of the heat passes from A (supposed the warmer) to B 
before immersion, and is afterwards transferred to the water ; finally, 
however, the whole quantity received by the water is the same in 
the two cases. 

The final admission is, that if a botly absorbs a quantity K£ of heal 
iu changing its temperature from S to S' under given conditions then 
during the reverse process, during the passage of the body back again 
From & r to & under exactly the same conditions, the same quantity Q 
of beat will Vie evolved by the same body. If this were not so + a bodv, 
when alternately heated and cooled under the same conditions, would 
act perpetually as a source or sink of heat, and the principle of the 
conservation of energy would be violated. To the calorfcts, who 
regarded heat sis an indestructible fluid, this equality appeared a %lb 
evident, and wu accordingly tacitly assumed. From the point of view 
of the dynamical theory, however, heat may be called into existence 
by mechanical actions, and it is not the quantity of heat, hut the 
quantity of energy in a system that is cotiitorved. Hence it does not 
necessarily follow that a body will absorb the same quantity of heat 
in passing from one state A to another B m it will evolve in returning 
from B to A. If, however, it passe* back again from B to A in the 
reverse order, through exactly the same series of slates and under 
exactly the same conditions m during its passage from A to E p the 
quantity absorbed will be equal to that evolved. The consideration 
of such transformation* will be more fully entered into in Chap, YU j. 
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132. Specific Heat, —The specific heat uf a substance has been 
already deli nod (Art, 23) as its thermal capacity per unit ma^ or, in 
other words, the ratio of the quantity of heat required to raise the 
temperature of a given weight of it by a given amount to the quantity 
necessary to raise the temperature of an equal weight of water by the 
same amount. How, since the unit of beat is taken to he the quantity 
which raises the temperature of one gramme of water 1 C. t it follows 
that the quantity which will raise the temperature of a gramme from 
9 to & will be simply B\ and consequently if a quantity <J raises 
the temperature of one gramme of any substance from 9 to 0\ the 
specific heat of the substance will be, by definition, 

_Q_ 

In this case ■■■ is the wwwu specific heat of the substance between 9 ami 
; and if wo wish to speak of the specific heat of a substance at any 
temperature (i, we must take H' infinitely near ti r Denoting the 
infinitesimal difference - 9 by tW, and the corresponding quantity of 
beat by dQ t we have 



That is* the specific heat of any iubstnifce at the temperature 9 is the 
ratio of the quantity of heat </Q required to change the temperature of 
unit mas* by an amount d9 to the change of temperature dfl. 

In general, w hen the specific hear, of any substance is spoken of, gI 
the conditions under which the change of temperature occurs should ****** 
be distinctly specified, for the temperature of a body may be varied 
by mechanical actions alone- Thus, the temperature of a gas may lie 
raised by compression, *o that here we have rfQ equal to aero, while 
tl& does not vanish, and the specific heat would appear to bo aero. On 
the other hand, a finite quantity of heat may he given to a gas, while 
at the same time it la allowed to expand so as to remain at a fixed 
temperature. In this case d& vanishes and dq does not, so that the 
specific beat is infinite. The expansion of the gas might also be 
permitted to proceed so far that, although heat is actually given to it, 
yet its temperature will be lowered, that is* dO will be negative, and 
the specific heat may thus have any negative value. It thus appears 
that the specific heat of a gas may have any value between + ao and 
- sc., according to the conditions under which the heat ii communicated. 

To speak with definiteness, therefore, of the specific heat of a gas, it is 
necessary to assign the conditions under w r hich the tempeimture changes. 

For example* wm may speak of the specific heat under constant pressure, 
or at constant volume. 
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tlqut^A In the case rtf liquid and solids, the compressibility is so sum 11 that 

under the conditions of all ordinary experiments changes of volume 
need not he taken into account, nnd we are not coni plica ted with a 
multiplicity of Hj^edfic heats, us in the ciiae of a gas, Kaeh liquid and 
solid may therefore he said to have a definite specific heat sit ouch 
tempera [lire; hut the sj^oific heat of each substance is not ihe same 
at ail temperatures* As a general rule it may be said that the specific 
heat of a solid or liquid increased with the temperature. 

Setting out with it solid, say at zero, the relation between the 
quantity of hunt supplied to it, and the corresponding ole vat Eon of 
tompemttiro, h roughly shown by Fig. o4. Measuring temperature 
parallel to the axis of OX, and quantities of heat parallel to OY t the 
ordinate of any point on the curve OA represents the quantity of heat 
given to the solid in raiding it^ temperature from zero to that repre¬ 



sented by the corresponding abscissa. If the specific heat wore constant, 
OA would lie a right lino, and the tangent of ihe angle which it make* 
with OX would represent the specific heat. If, however, the specific 
heat increases with the temperature, OA will be convex towards the 
axis of ^ and the trigonometrical tangent of the angle which the 
tangent to OA at any point makes with OX will he the specific heat 
flQ.'fW at the temperature corresponding to (hat point. 

At the point A, fusion is supposed to begin, and a certain quantity 
of heat (the latent heat of fusion), represented by the vertical lino 
AB k h communicated to the body without any change of temperature. 
At B liquefaction is complete, and the curve BC applied to the liquid 
in the same manner as OA does to the solid. Similarly, CD represents 
the latent heat of vaporisation, and DK applies to the vapour untier 
some definite condition*: of prow lire and volume. 

Mh* 4 tad In the foregoing, the comparison has been made between equal 
wha “’ masses of different substances, and this may therefore by referred to 
as the mas* specific heat, if the couijjurjgon had been made between 
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equal volumes, that h> if tho specific heat had been taken to be the 
quantity of heat required to raise the tempera Eure of unit volume of 
the substance 1° C., this might he termed the rtrfume specific heat. 
The relation between the two ia very simple. For if a quantity Q of 
heat raises the teiu|>erature of a mass m through 8\ then 


Q=m# t 


and if the same quantity raises a volume r through 0 a , we have 

Q = rv% 


where s is the volume specific heat and v is the volume of the mags 
m. lienee 


j r 



=V. 


where p is the density of the substance referred to water. 
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13SL Black's lee Calorimeter*— The earliest form of ice calorimeter 
was that devised by Black It constated merely of a block of pure iey p 
free from bubbles, in nhicb a cavity (Fig, 55) was hollo wed out. The 
mouth of this cavity ivan covered over by another slab 
nf iee + so that it chum her was obtained, which was 
enclosed on all sides by ice at the melting point. 

In making an experiment, a known weight of the 
substance under examination was heated to some 
definite temperature, say the bolting point of water. 
The ice chamber w;u then carefully dried with a 
sponge or blotting-paper, m that no water was left adhering to ita 
walls. The heated body was thou quickly placed within, and the 
tipper slab laid over the mouth of the chamber. The body quickly 
fell to the temperature of melting ice, and n certain quantity of ice 
was liquefied. This quantity was estimated by wiping dry tho whole 
inferior of the cavity, as well as the surface of the body, with a told 
sponge (or blotting-paper), which had been previously weighed. The 
increase of weight gave the quantity of water absorbed—-that h r the 
mass of ice melted. 

If the unit of heat be taken ns that which melts unit muss of ice at 
zero, then the quantity of beat given out by the body in this expert 
merit will be numerically the tame as the mass of icO melted, that is 
suppose. But if the initial temperature of the l>ody be its final 
temperature 0% it& mass m f and it& specific heat .s the quantity of heat 
given out will be m&8 m Consequently we have the equation 

wjP=v, 

where m and to are expressed in the same units* Expressed in ordinary 
units of heat (calories) the equation would l>c 

JiU& — Li*', 

where L is the Intent heat of ice, or the quantity, expressed in calories, 
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w Inch wi] 1 melt a gramme of ice { ^ 79*25}, If the value of L. whioh may 
3ie called the constant of the calorimeter, he not known, an experiment 
will he HGSOS4&TY in order lo determine it. This may be effected by 
introducing into the ice-chamber a weighed quantity of water at a known 
temperature, and ft tilling before the quantity of ice melted. 

The chief objection to this apparatus i* the difficulty ot procuring 
largo pieces of ice of sufficient purity. 

134. Lavoisier and Laplace's Ice Calorimeter,—A modified form 
of Blacks calorimeter was deviled by MM. Lavoisier and Laplace,* in 
which the necessity For large blocks of pure ice is avoided. It consists 
essentially of three chambers (Fig. - r >6) contained one within the other. 
The inner chamber AB contains the 
hot body whose specific heat is 
desired* This chamber is surrounded 
by anulhcr, and the apace C between 
them is packed with broken ice at 
zero. A tube F leads from this 
chamber and drains off the water 
resulting from the melting of the ice. 

This water is weighed and the 
sped fie heat of the substance fe 
estimated us before. In order to 
avoid heating from outside, a jacket 
of ice DDD surrounds the second 
chamber. For this purport the 
space between the second chamber 

and the outside walls of the in&tni- # 

ment is filled witli broken ice, mi(l 
as the ice is melted in this chamber 

bv radiation from outside, the water drip away by the tap K. 
When the apparatus is in proper condition for an experiment, there 
should be no flow from the lap F, but a constant drip from the lap K + 
Tf now a hot body is placed in the chamber A* its heat will be given 
out to melt the ice in C T causing a corresponding how r of water 
fmm F. 

This apparatus requires- a large quantity of ice, and large masses 
iif the substance under examination, arid consequently a long t ime for 
the execution of an experiment, and the trifling advantage it possesses 
over Black’s simple apparatus in not requiring the use of largo blocks 
of pure ice h more than counterbalanced by difficulties of the gravest 
nature in estimating the quantity of ice melted. This arises from the 
i jfcmviTf* rfr rjc&iSuw> 17HO t t£Tair« Lwvomrf, tom. il jv £&S r 
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water adhering to the ice* and remaining in the interstices between the 
fragments. At the beginning of the experiment, the ice is mixed with 
a certain quantity of adhering water, which in all probability will he 
considerably different at the end of the experiment, for during the 
experiment the size and arrangement of some of the iec fragment will 
alter. Hence the quantity of water which drain* off through the tap 
F during the experiment does not accurately represent the quantity of 
ice incited, nor have we any mmm of estimating the probable error 
thus introduced. 


In the hands of Lavoisier and Laplace this instrument yielded 
fair results, but with less scientific and careful experiment era the 
adhesion of the water to the ice might easily lead to great inaccuracies. 
In order to avoid this difficulty. Sir John Hnrschel suggested that the 
water should not be drained off, but that it and the ice should he kept 
together, and the whole hulk measured before and after melting. 
The diminution of bulk would thus give the quantity of ice melted 
during the experiment. An ingenuous method of measuring this 
change of volume has been devised by Bunsen 1 in his ice calorimeter, 
\m instrument possessing many novel features of re markable beauty 
and interest. It is particularly valuable for measuring email quunti- 
ties of heat, and by means of it Professor Bunsen has determined the 
apuciJie heats of rare metals, such as indium, which can only be 

obtained in small quantities. It lb, 
however, by no means. easy to work 
with, and the theoretical condition* 
which are supposed to be fulfilled are 
difficult to realise in practice, 

135, Bunsens Ice Calorimeter.— 
As already slated, this apparatus is 

designed especially for the measure* 

meut of the change of volume which 

occurs during the liquefaction of ice. 
For this purpose a cylindrical test-tube 
A is fused into a larger cylindrical 
glass bulb B ? *& shown in Fii*. 57. 
The bulb IS Is furnished with a glass 
stem CD t which terminates m an iron 
collar D. This stem is filled with 
pure boiled mercury, which also occupies the bulb to the level ft r The 

remainder of the bulb above ft k filled with pure boiled water. V 



¥\£. iT 


1 Amt. vuL cxli, : Au u. At Ckiinte ef dr J'hy j., tom, xx\n, u t fill ■ /W 
Mil*/,, 13/1, Ttil. sell p. 16L 
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calibrated narrow gloss tube S t furnished with n millimetre scale, i- 
htted into a cork with fine sealLttg-and then passed through the 
mercury in the collar D, and made fust in the mouth of the tuba CI) B 
m that it becomes filled with mercury ; and by rid justing the cork in 
the mouth of the tube Cl), the extremity of the mercury column in the 
scak-tubu S can be placed at any convenient point. To effect this 
without risk to the fragile apparatus, the instrument is supported by 
the iron collar I) in a vice. 

Iii conducting an experiment, the first operation h to freeze some 
of the water in the bn lb E. Tor thb purpose the ice-producing 
apparatus shown in Fig. 58 wan employed by Bunaem V and G 
are two senahcyHiidricul tin plate 
vessels, which are connected by 
tubes with the teal* lube A of the 
calorimeter, as shown in figure. 

The vessel g F and G contain 
alcohol, a till are both phi ceil in el 
freezing mixture. By suction (he 
cold alcohol can be passed to 
and fro from F to Q through the 
calorimeter tube A p and by this 
means the water in the bulb E 
can be reduced to tlse freezing 
point. 

The lem petal urc of the air- 
freed water in B must th? reduced 
far below the normal freezing point 
before solidification sete in. while 
the outside of the bulb becomes covered with a coating of ice, deposited 
from the moisture of the atmosphere. At last, when the temperature 
has. been greatly reduced, the formation of ice suddenly begins, and 
spreads in a few seconds from the bottom of the tube A to the top of 
the bulb B. Within these limits the bulb is filled with thin plates 
ami needle* of ice, but from the bottom of A to the level of the 
mercury below, the water in not frozen. By continued cooling a 
dial I of solid ice may be gradually formed around A. from 6 to 10 mm, 
m thickness, On account of the low temperature of the alcohol, the 
ice shell is much below zero T and if the instrument h now packed in 
snow at aero a slow progressive freezing will take place in the water 
fora long time. Bunsen found that in this manner alwjiit 2 gramme* 
of water were frozen at the temperature of melting snow during the 
first seven hours, and that this progressive freezing was sensible for 
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\ 14 horns. After this time the whole apparatus had come to zero, 
and the freezing ceased. 

In making an experiment, the instrument is j>acked in pure snow, 
and some pure water placed in the tube A- The temperature of 
the whole apparatus is now zero, and it may be maintained in this 
condition for a week or more if some fresh snow' is added from day to 
duv. It is very important that the snow should be quite pure, for if 
it contains even traces of impurities its melting point is lowered, and 
[t slow progressive freezing of [ho water in the bulb takes place. 3 It 
is also well to work in a room which is at a temperature not much 
above the freezing point, and before the instrument has turned the 
constant temperature of the snow it is necessary to see that a thin 
layer of water is formed between the ice shell and the sides of the 
glass tube A, so as to avoid inequalities of pressure, 

Tii order to interpret the indication* of the instrument, a known 
m*Fs of water hi, at a definite temperature & t may be introduced into 
the tube A, Iti falling to zero this gives out a quantity of heat 
mO f and in consequence of the melting of the ice the mercury in the 
tube K recedes through n divisions of the scale. This gives the 
relation between the quantity of heat supplied in any experiment in 
the tuba A, and the corresponding recession of the mercury along the 
scale K p for if tj is the quantity of heat corresponding to each division, 
we have 

Mltf = 

in determining the specific heat of any substance, a fragment of h 
h heated in a steam-jacket„ and the tcsVtube is partially filled with 
pure distilled water. The heated fragment is quickly immersed in it* 
a plug of cotton- wool being placed at the bottom of A to prevent 
fracture. The water in A is initially at zero* and its lower strata 
become warmed by the hot body but water being denser for some 
range above zero i.ban at zero, the heated water remains at the 
bottom of the tube, and gives up its heat in melting the ice in the 
bulb 15. If the mercury recedes through n divisions of the scale, the 
whole heat given up by the body in cooling to zero is u r q> Hence* if 
ju J bo the mass of the body and & ita original temperature, its specific 
heat h given by the equation 

mi a#' = 

Hence 

mn^ M 
iT m J s# J ' 


* Pratosar C. W Boyw round that this etfeet wm largely Teduewl when tb-n bulb 
Wft.1 provided with A protecting gkfis cover [FhiL vot r xriv. p. 
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In practice, the end of the mercury column does not remain stationary, 
but may vary in either direction by two or three divisions per hour. 
The error arising from this variation is Approximately proportional to 
the time, and is corrected by observing the motion of the index for 
half an hour before and half an hour after the experiment. If a 
variation of m l scale divisions ocean in a time before the experiment 
lit commenced, and »* in a tttnc / s after it is completed, the mean rate 

of variation during the experiment may he taken equal to + 

and this multiplied l>y the time of the e*|»eriiuEut gives the whole 
correction to be applied to the reading arising from thi* cause. 

The accuracy of the instrument depends essentially on the care 
with which nil the air has been expelled from the Water enclosed by 
the bulb 11. In order to secure this, the bulb is ai first about hall- 
filled with water, and placed mouth downwards over a lamp, so that 
the water can he boiled and the air expelled through the tube CD. 
During this process the mouth of the tube t D, which has not yet been 
filled with I he iron collar, dips into a vessel of boiling water. When 
the water in the bulb bn* been boiled away to about one-third of its 
original bulk the lamp is removed, and as the instrument cools the air- 
free water is siphoned over into it through the tube CD from tile vessel 
into which it dips. The instrument is now placed upright, and the 
water for the most part siphoned out of the tube t I), which is then 
well dried by a current of dry air, and the iron collar is fastened on 
with the finest sealing-wax- The final lilling-in of boiled mercury is 
done with a capillary glass lube, so as to avoid the remaining of any 
air hubbies on the sides of the tills?. 

By pressing the cork which carries the scale S a little deeper into 
the month of the tube CD, I he and of the mercury thread may be 
placed At the same point of the scale at the beginning of each 
experiment, and the same part of the scale may ho Used throughout 
a aeries of investigations. Over n hundred experiments may be made 
with the name cylinder of ice, so that a single freezing will suffice for 
ii week, if care bo taken to renew the snow around the instrument 
every night and momiug- 

From the made of standard mug the instrument, it i> dear that 
no error is introduced by an inaccurate knowledge of the latent 
hmt of ice, Radiation error* are also entirely eliminated by the 
packing in enow, if the temperature of the latter experience* no 
variation. 

[The accuracy attainable in Bunsen* method of calorimetry is 
limited W the fact that a given specimen of water can freeze into ice 
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of different densities. The error due to this cause would not* however* 
exceed about I in 1O00J] 

By means of this apparat eis the latent heat of fusion of ice may be 
estimated if the volume of each division of the scale tube be known, 
and if the expansion of water on solidifying at zero be also known. 
By this means Bunsen found the value SO'OStb while the value* found 
by Hegnank, Person, and Hess, by other methods, were 79'I T 8G'0 P 
80 t 3 t res actively. 

1 J, II. V Liii'i■!][;. Pn& Xoy. AV. toL laris:. |i. 442; Ittft 
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13 6. Prelim L nary Consi de ra i a d n s, — T 1 1 e most pravul en t met boc1 of 
calorimetry hitherto employed has been founded neither on the 
melting of ice, nor on the evaporation or condensation of a Liquid, nor 
oei any principle of latent heal* but on the measurement of heat by 
the change of the temperature of water This method passe* under 
the name of the method of mixtures, 1 and since ihn time of Kegnault 
haa been regarded as the moth oil /*rr mediate* in the science of 
calorimetry. 

L@e ns suppose that i wo bodies, Aj and A r of urates in x and 
and specific heat* s 1 and areal temperatures & x and H.,. If A 1 and 
A., am placed in contact, heat will pas* from one id the other, and 
a common temperature intermediate between and tf* will bo 
attained* The quantity of heat lost by A! will he tn r < ] (^ 1 - $), and 
the quantity gained by will Ik: &J). Consequently, if the 

only Interchange of heat is between A, and A.^ that i*, if they neither 
obtain heat from nor lose heat to other bodies during tiro period of 
equalisation of temperature, the heat lost by A, will be equal to that 
gained by or 

nijl.ffli f)-MA 

If A, h be a mass of water, ** will be equal to unity by definition, and 
the sped He heal of A 1 will he given by the equation 

In this equation jf| rcpnjsenla the iue.au specific heal of between 
the lenji>erauires $ and & v 

It has been supposed so far that thermal equilibrium takes place 
between Aj and A* without loss or gain of heal, that they neit her give 
heat to nor receive heat from other bodies during the period of equal- 


1 Thi* method w*. rnt |»lt»y<>d by UUck. 
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idjition of temperature. In practice it is impossible Uj secure this 
condition accurately, and in general there will be interchange of heat 
with other l>nJi«a. For ihts reason corrections tintst be applied, and 
special apparatus adopted, to eliminate or minimise -such errors. The 
whole science of calorimetry consists in the invention of such apparatus 
and the adoption of such precautions as will lead to an accurate 
estimate of these corrections. 

137. The Water Calorimeter.—The principal piece of apparatus 
necessary for the determination of specific heals by the method of 
mixtures is the water calorimeter. This consists of a cylindrical 
vessel (Fig. 59} made t>| very thin brass or copjjer or silver, and 

auatained within a somewhat larger and 
jitrq tiger vessel by runi-coi Ld net i tag supporU*. 
The inner vessel contains a known 
quantity of water in which the body 
under investigation is placed at a known 
temperature, and the change of tempera tare 
of the water is noted by means of a 
delicate thermometer immersed in it, 
which may Iwj observed at a distance 
through a telescope. In order to diminish 
the los^ of heat by radiation and com 
(1 notion during this observation the out¬ 
side of the inner vessel and the inside 
of the outer are both carefully polished. 
By this moans the emissive power of one and the absorbing power 
of the other arc greatly reduced- The inner vessel is supported 
by feebly-conducting threads KE stretched horizontally across ihe 
outer, and it is maintained in its place by wooden j^gi CC which pass 
through the walls of the outer vessel near its mouth, and press 
against ft so as to keep it steady. 

[The method of lagging the calorimeter with cotton wool or other 
non-conductor^ which is often recommended, diminishes the loss of 
heat considerably, but renders it very uncertain and variable, and 
should never he used in work of precision. The had conductors take 
so long to reach a steady slate that the rate of lofts of heat at any 
moment depends on tho past history more than on the temperature of 
the calorimeter at the moment. A more serious object ton to the use of 
lagging of this kind is the danger of its absorbing moisture. The least 
trace of damp in the lagging, or of moisture condensed on ihe surface 
of the calorimeter, may produce serious loss of bent by evaporation, 1 ] 
1 flriL t An. "Cahrimvtiy." 



Fig, By. 
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In every investigation it i* supposed thut the inner vessel and 
its jifteftsorieSj such .si* the stirring-nod and the thermometer, have mil 
the same temperature at the beginmug mad also sit the ei kit of an 
experiment. Let m aupposc that » body of mass ia, at a temperature 
ft, ami of aped tic heat ia immersed in the water, and lei the tempera¬ 
ture of the water rise in eorisei| lienee from fl s to 0 r During this 
process not only the water* but a !so tlie metal of ihe inner ve^el and 
the material of the thermometer and stirring-rod# have been raised 
from 0, to 0 9 and their thermal capacities must therefore be taken 
into account. I ti the case of a body of mas* and specific heat s t 
the quantity of heat necessary to raise its temperature 1 C. is mfo 
and this is numerically theaame us the mans of water which ihe same 
qmuitily of heat would raise 1 C. in temperature. For thii reason 
U termed the to pfW* fytiiraknt of the hotly* for it i* numerically 
equal to the mass of water whihh pMaauca the same thermal capacity* 
Hence if W be the water equivalent of the calorimeter and its 
accessories* as well as of the water if contained* we have 

W = w + wi^i + r mVa> 

where m v m v refer to the metal of the vessel* ihe mercury of the 
thermometer* and the glnas of the stirring-rot) ;uid thermometer 
respectively* 5 When the temperature of the apparatus rises from 0, 
to the heat received will lie W(0^ - and consequently the 
equation for the specific heat of the body immersed i* 

where K is the correction arising from loss of haul by radiation anil 
conduction during the period of equalisation of temperature. 

In general, the terms in W arising from the vessel and it* 
accessories are small compared with ihe terms representing the water 
enclosed* so that ah imperfect knowledge of ^ ^ ^ will have little 
influence on the accuracy of the results. Thc^o quantities inay p how¬ 
ever, be determined by three preliminary experiment* in which the 
substance m h taken to be glass* mercury, and brass (substance of 
vessel A) respectively. We will then have three equation*, Involving 

1 [To ceLkmait: the lifiut vn.] -uoitY of die glass nud iiiutuiitY of * IhHTMfflfWi 
ml van La jp nmy b* of tli* futft ibal the ■cci/ijprjr specific- lie*t* of 

xuf-ivikry 4 ^! practically the sn'me [OHfl ]M*r c.c.j. It will il^uflLIv lw *utiicLi?iit to 
likwutc the TQluinc of the ttttoefacd portion. Thu ihnpltftl way to do this is to 
weigh ft beaker of walET, add then tinrl thtf iAcrcaw m wrigln when the E bf-lTnonactcT 
w hung from i u t^trakieous £=up|i®rt hj aa to bt> jrouivfttd to the- wiinr dsplh its in the 
uforimttT. The increase of weight in gram hies gifts tike iubfmcrgtd volume in e,C* 
(OitwiLd, Phyricc-Ckemitoi MwffUTimrut*, Eng. Iran*. by J* Walker, jh 1*31*] 
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tlitj three uaknowna, s ir from which they may he determined, 
urn] :i com piece knowledge of W obtained. 

It should he noticed that the temperature of the hat foody 
immersed in the water will always exceed that of the water, and if 
the substance happens to ho a bad conductor of heat, the uvcrsj'u 
temperature throughout its nno® may considerably exceed that of the 
water, when the latter reaches its maximum temperature d t For this 
rreson feebly-conducting aubiUiiecs should be broken into small 
fragiuents when their specific heats are lieing determined, 

13S* The Radiation Correction. ITic cijtiaiion uf ihe preceding 
article was derived on the supposition that a hot body at a tcnijicni- 
ture 0 was placed in a man of water at a temperature 0 V and that it 
common temperature f L was :n i ilsiiob). ^ hat actual Iv happen^ bow- 
cv or, ia somewhat different The temperature of the water rises 
gradually to a wk&imum During this process the water loses 

hent by radiation and conduction, and gains heat from the body 
immersed. When the maximum temperature^ is fln*t attained the 
immersed hodty i& still warmer than the water, and heat k \mns lost 
hy the water just tvs fast as it is being received. The temperature 
remain a stationary as long as exact coiii|jensutEOn takes place in this 
manner, and it then begins to fall. Furthermore, the thermometer 
will always be somewhat behind the water in its indications; during 
the period I of rising temperature its readings will be slightly too low, 
and w hen the temperature is falling they will he too high, so thru the 
highest tempera in re of the water will never be exactly attained hy the 
thermometer The maximum temperature registered will therefore 
he slightly brio iv that actually attained by the i.alorimetor, but the 
discrepancy will bo smaller the quicker the action of the thermometer. 

The radiation correction is determined by observing the rate at 
which the calorimeter cools throughout Hie range of temperature of 
the experiment. If the range of temperature be small the radiation 
may bo taken projjortional to the difference of temperature between 
the calorimeter and the surrounding atr p and the whole loss by 
radiation (anil conduction) will ho approximately equal to that which 
would occur if the calorimeter had been at its mean temperature 
i(fij + throughout the whole time uf the experiment, that is, the 
time of rising from S L to 6^ If the rate of cooling at ihk mean 
temperature bo observed^ then* from she known water equivalent W 
the quantity of heat lost per second at this temperature will be known, 

1 [Thy term mrftafto* etmeiio* U fttua-what cbj^tcoiublt, *iuc* t J^rt t>f 
the comctiod will usually In due to gains »r W, of heal by cobiiuatiou. Lnhm 
by €VA^(oratii>ia will alu bg Includtkl. ] 
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and thia multiplic^l by the time of the experiment will give the 
correction R. 

Otherwise the interval between the immersion of the hot body 
and the attainment of the maximum temperature may be divided 
into a series of epochs / 1P t p t p etc., at the end of each of which the 
temperature of the calorimeter m noted and found to be ff* t 0"\ 
etc. During the toil epoch | |T the mean temperature is - tf'l 
and during the second epoch l# the mean temperature is ^ 

etc, Hence the bent lost dtiring these epochs will he* Liking tt it to lie 
the temperature of the air, 

where A m a constant to Ihj determined by observation of the rate of 
cooling of the calorimeter* This lose of heat by radiation causes a 
diminution of the maximum temperature ft h which can thus be 
calunlatetl, so that if we write U = WAff> the maximum temperature 
which would hiive l*eeu attained by the w'ator w r oukl have been 
+- MK acid the equation for t becomes 

- tfn) = W( * + At* - e^i }. 

The radiation correction increases with lk difference of temperature 
tf, : - tf L , ami it is [herelore well to arrange that the muss of water 
placed in ihe calorimeter shad be so great that the elevation of 
temperature shall not be very considerable. This, however, diminishes 
the sensitive ness of the operation* and to counterbalance Its effect a 
very delicate thermometer must he used. 

The radiation correction may be practicali y eliminated by n, 
method of procedure suggested by Rumford. Thus, if the highest 
temperature b_> of the ea tori me ter be approximately known by n 
preliminary experiment, then if the experiment be commenced by 
having the initial temperature tf| of the calorimeter ns much below 
that of the air of the chamber us is above it, heat will be received 
by the calorimeter during the first pari of the experiment, and will 
be given out during the second ; the whole experiment Is thus divided 
into two parts, during one of which it* temperature is lower than 
ihait of the air, and dmiug the other higher. A complete eompeu*^ 
tion is not, however, effected by this process. During the fim stage 
the calorimeter receives beat rapidly from the body immersed > and 
during the second much more slowly. For this reason the first period 
is much shorter than the second, imd the quantity of heat received 
from the chamber during the first period will Ihb less than that given 
out during the second* 
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To *ecure complete compensation by dm method It would be 
necessary to begin the experiment with the calorimeter \it some 
cakuluted temperature below that of the chamber, and such that the 
initial difference of temperature between the chamber and the calori¬ 
meter is greater than the final. It may aUu happen that when the 
calorimeter is cooled 5 or C below the temperature of the air T dew 
may be deposited on its surface, which will evaporate during the 
experiment ;i5 the temperature rises, and thm lead to a diminution of 
the final tem^rature and consequent error in the determination. For 
these reasons, greater accuracy is attained by calculating and allowing 
for the radiation error than by attempting to eliminate it in this way. 
The method is chiefly useful in rough experiments where it is intended 
to neglect the radiation correction. 

Another method of avoiding tin- radiation correction has been 
recommended by M. N. Hesehus, 1 *w practised in the umvemty of St. 
Petersburg. The principle of the method cousin t* in maintaining the 
teni^ratnre of r ise calorimeter >tadoi3ary, and the same as that of the 
mom m which the experiment is made. This is effected by adding 
cold water gradually to the calorimeter, m as just to counterbalance 
tile healing effect of the body immersed, A mixture of ice and water 
affords a convenient supply of cold water at a known temperature. 
From the quantity of cold water added the afwcific heat of the body 
immersed may be qmdly calculated. For let 0 k the initial tempera- 
tare of the body immar&od, and 0, that of the calorimeter. Then, 
wince the calorimeter is kepi at $ x throughout, it follows that the heat 
given out by the body immersed i* m(# - amt if M be the ui:lss 
of cold water added, am) its temperature, the beat gained by this 
water is - 0 o ) t so that 

m*(&- t*,) = M^ l - v a ). 

It may k observed that in this method the water equivalent of the 
calorimeter k eliminated m well a* the radiation error. The onlv 
quantity which it h necessary to observe h the mass M of cold water 
added to keep the temperature stationary. the Eemjtfirutiires § f 
and the mass m of the body immersed boing supposed known. 

To effect this in practice aq uir calorimeter was u&d, This con¬ 
sisted of a large-bulbed air thermometer, having a bras* tube pro¬ 
truding into bulb somewhat in the manner of the test-tube in 
Bunscn J s ice calorimeter. The hot body was placed in this tube, sind 
cold water was poured in .40 os to maintain the indication of the 
manometer constant. In order to avoid error* arising from variations 

1 J&urwftf df (ft Socif'ft Ph *j* uSuJtV hi iij^ Ituxit, Nov, IgJJ - Journal 

lit tom, vii. p. 4S9, lfiSS, 
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of the temperature of the surrounding air, the air reservoir of the 
thomometer was pketd in a vessel of tenter at the temperature of the 
room. Before placing the hot body in the braaa tube n weighed 
quantity of water was placed in it, and the body wu then immersed 
in this wntor, at in Bunin's ice calorimeter 1 (Art r 135), 

139 , Regnault's Apparatus. The Apparatus devised by Eegriault 



FIs- «r— 


for the measurement of specific heats by the method of mixturea in 
shown in Fig. 60. It cooftiate of a heater, C t and a calorimeter, K. 
The heater is that part of the apparatus in which the substance under 
experiment ii= wanned to some known tcmjsemfcnre before immersion 
t t' yr m j tnprcvrti John of TIcseliiw T i) CftJori metpr, SJM* All aftic^ by F. A, Wafa nn jui, 
n*L JWj i*j. No*. 189&, 

1 Hj&guiaUp .^a. rfr Cfcfafr die &\ tom. JxiuL p. 5 S 1S40 
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in I lie calorimeter. It is simply a form of si cam-jacket* tiooipriiiEig 
three coaxial cylindrical compartments, B, U. D, as shown in action. 
The body to he boated is placed in a email win- gauze basket, E* and 
suspended in the inner compartment This basket poMeares two co¬ 
axial compartment the inner of which contain# *lhe bulb o! a ther¬ 
mometer and the outer carries the substance to he heated. The 
inner compartment of the heater in which the Whet hangs can he 
opened at each end. The upper end is dosed by a cork through 
which passes the stem, b\ of the iherraometcr, and also the thread 
which supports rhe basket The lower end ? L, of this compartment 
is closed by a double sliding shutter, which, when open, permits oE the 
basket and the substance which it contains being lowered into the 
calorimeter by means of the suspending thread Q r 

The second and third compartments of the heater are traversed by 
ji current of steam supplied by a boiler, A. The steam enters lhe 
second compartment, DD P through If. and after passing through the 
outer compartment, BB, escapes by the tube M into a condenser. 
The presence of the steam in the outer jacket prevent;- cooling and 
condensation in the second compartment, and the temperature of 
the inner ts kept constant, being surrounded by ;l current of drv 
vapour. 

A considerable time is required before the substance in rhe basket 
attains it.-: final temperature. It generally attains a maximum of about 
9® C., and should be allow od to remain in the beater for half an hour 
after its temperature has become stationary. When rhi# haa Iteeu 
-effected the calorimeter K i.i run along rails (provided for the purpose} 
into position under the dm i tor which closes the lower end oE t la¬ 
in ner compartment of the beater, The shutter is then withdrawn^ 
and the basket quickly lowered Into the calorimeter. The time occu¬ 
pied in the transference of the basket is so small that no very sensible 
error can arise through radiation during the jns&age from the heater 
tea the calorimeter. 

In order to prevent radiation to the calorimeter from lire heater 
and boiler during the experiment, the support* KK t on which the 
heater stands in made hollow, and contains water at the temperature 
of the air, A thick (date of cork is placed under the heater, so that 
rhe water in The supporting stand does not become warm by conduc¬ 
tion. A vertical cylindrical aperture is constructed in the stand, bo 
:ls to permit of the basket being lowered into lhe color i mo ter. While 
lhe substance is being heated the calorimeter is withdrawn to a 
distance along the rails, as shown in the figure, and a thick cork screen, 
P* cuts off all radiation from the heating apparatus Thi* screen is 
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movable, and can be raised when it is desired to run the calorimeter 
under the heater. 

Tlic quantity of water placed in the calorimeter is ganged in a 
measuring flask of known volume at all tomjwatures. After the 
immersion of the heated eubstanc* a continual stirring is kept np by 
agitating the basket by means of the thread employed to suspend iL 

^Vith the form of heater described in thin apparatus a continuous 
variation of the initial leu pern r.u re of suhsL&itco under ex. uni nation 
cannot lao obtained unless the vapour is produced in a manner which 
permits of |he pressure being varied continuously. Different fixed 
temperatures may he obtained hy using other liquids than water to 
furnish the va[Hmr* A continuous variation of ih c initial temperature 



may be conveniently obtained by means of a later form of heater 
employed by liegnauli, 1 and shown in Fig. 61. The wire basket 
containing the substance under examination l* placed in a tube AB, 
running in a sloping direction through an oil bath which can be 
heated to any desired temperature. When the temperature of the 
aubflfcance has become stationary it is letdown into the unionmeter 
by means of the thread to which it is attached. The oil bath may 
be replaced by a freezing mixture, and the specific heat may thus he 
determined over a wide range of temperature, fltld its variations 
investigated. 

140. Specific Heats of Liquids —The specific heM# of liquid- and 
B H^pmull, dr CMmie ti de Mpiiqut, 3? T torn. slvL p. 27<J h 
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powders and substances soluble sci water may be examined by the 
method of mixtures by sealing them up in thin glass or metul tubes. 
In the case of bud conductors of heat, however, considerable error 
may arise from the slowness with which the sealed-up mass yields its 
heat to the calorimeter so that not only is the radiation correction 
enlarged, but it is impossible to determine how far the average 
temperature of the sealed-up tnasa differs from the indications of the 
thermometer both before immersion and at the time of maximum 
temperature of the calorimeter. In the case of solids* which are poor 
conductors and soluble in water, another liquid of known specific heat 



in which they are insoluble may lie used in the calorimeter t ami the 
sealing up in a tube can be thus avoided* In the case of liquids, 
RegnuiiU used the apparatus shown in Fig. G2. I ho liquid was first 
heated (or cooled) in a reservoir, M f immersed in ft hath for free slug 
mixture), A tube furnished with a tap, B* led from this reservoir to 
the cuiorimeter, whore it entered another reservoir. CD, which was 
completely immersed in ihe water of the calorimeter The liquid 
having attained a definite temperature In the reservoir M, [he tap H 
waa opened, and the liquid forced by air pressure, communicated 
through the tube GH. into the calorimetric reservoir GD r The 
change of temperature of the calorimeter was noted, and tho necessary 
corrections applied m before* Tho thernuil capacity of the reservoir 
CD must, of course, be reckoned ns part of that of the calorimeter* 
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[An apparatus somewhat similar to that of Regiiault's just described 
hqa been employed by M. I.fingiiinirm 1 in the determination of the 
specific heats of certain organic liquids. The liquid was enclosed in an 
egg-shaped platinum vessel placed within a tube closed at both etnU 
and surrounded by a double-walled vessel through which the tnpoui 
of some bolting liquid was continually circulating. A thermometer 
whose bulb wstH in contact with the platinum vessel gave the tcmjieia- 
ture, which was usually quite constant after the healing had lusted 
about hal f an-hour. The entire heating apparatus was mounted on 
rails, and could he rapidly run up to a calorimeter about a metre 
distant. On pressing a button the lower end of the tube was opened, 
the egg-shaped vessel was released and allowed to fall into the calori¬ 
meter, and the heating apparatus immediately withdrawn. The water 
in the calorimeter was continually stirred by an electric motor. lie 
temperature was measured bv a delicate mercury thermometer which 
was read every half-minute through a telescope, rhoudiantage of 
keeping the calorimeter fixed mid making the heater movable was 
that the substance could be introduced into the calorimeter without 
interrupting the circulation of vapour in the heater, the stirring of 
the liquid in the calorimeter, or the observation of ihe thermometer 
placed in the Latter. Besides, when the calorimeter is moved, there 
is danger of loss of its contents by splashing unless the motion i* slow.] 
141. Favre and £1 User mama's Calorimeter. A special form of 
calorimeter was devised by MM, Favre and Sflbermann,* for the pur- 
jiose of studying thermal phenomena which require some time for 
completion, such, for example, as the measurement of the quantity of 
heat evolved during the chemical combination of two or more side 
Stances. The principle of the instrument is somewhat the same as 
that of Bunsen’s ic* calorimeter, the bulb being, however, filled entirely 
with mercury, and the heat communicated being measured by the 
expansion of’ the mercury in the stem. It is thus a kind of large- 
bulbed thermometer, the stem of which is bent round at a right angle, 
so that the part in which the end of the mercury column travels is 
horizontal, as in the ice calorimeter of Bun sen (Fig, 57). The bulb, 
which is generally an iron sphere, is fitted with two tubes of glass or 
platinum, which protrude into the interior of tbe mercury, and into 
which the hot body, or the substance under examination, is placed. 
The bulb is also fitted with a steel plunger, which may be screwed 
forward into the mercury (or backwards), and by this moans the end 

I Jtyrip*. J » n - ™ ! - 

* Favre An*. de CM*UM ***>■ ****'■ P ' t™i. iXXVU. y. 

tl<; tom. xl. p.*WS; 4*. to.n»- xxvi. xxvii.. xsti.; 5*. turn. i. 
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of the mercurial column can be Wrong] it to nay part, of the stem 
desired at the beginning of nn experiment. The instrument is stan¬ 
dardised by introducing a known weight of hot water into one of the 
tubes and noting the displacement of the index B* well as the fall 
of temperature of the water. If the end of the mercurial column 
advances) /r divisions when a mass m of water coals from to then 
the heat equivalent of each division of the stem is 6$) ft. This 

being known, the heat yielded to the calorimeter during any other 
experiment may be inferred from the displacement of the end of the 
mercurial column in the stem. During an experiment the bn lb of the 
instrument is encased ill cotton-wool or some other non-conducting 
stuff,, so us to secure uniformity of conditions during all GXiterimcnta, 
and to prevent els far as possible loss of heat by radiation and con¬ 
duction. 

The apparatue of Favre and Silbennaua has been somewhat modi¬ 
fied by M. Jamiiip ] the reservoir of the now r instrument being of the 
form of a glass beaker closed at the top. The stem rises vertically 
from the top of the reservoir, and the receiving lubes pass down 
vertically through the top into the interior of the mercury. 

[A calorimeter practically identical in principle w ith that of Favre 
iimi Silbermann was described by Andrews in 181ft. A similar 
instrument has been used by L. Ffaundler - in determining she specific 
heals of solutions. In form it resembles a large mercury theriiiomcter. 
It is heated till the mercury in the stem reaches a certain mark, and 
then immersed in the solution whose specific heat is to bo found. The 
solution tools the Instrument, a ill! when ihe mercury 1ms receded to 
another mark on ihc atem, it in withdrawn, and the dual temperature 
of the solution observed. The original temperature being a ho known, 
the specific heat may be determined by com prison with a similar 
experiment performed on water. Besides the usual correction# for 
water equivalent and heat losses by radiation, etc., attention must be 
paid to I he lag of the instrument and the error due to the fact that 
the liquid adhering to the instrument when at is withdrawn from the 
solution is slightly warmer than the rest of the solution* The instru¬ 
ment is also liable to the ordinary defects of mercury thermometers 
such m change of zero after heating.] 

A form of mixing calorimeter specially adapted for measuring the 

i JamLn T Court eU J'hyt Iran, ii, Alec.., p. 17. 

,J Sw riN. ihr Bd. htvSt. p. i:iP T 1*9S>. Iu tliia eonbcction may be 

TOfintiotied the sfimiffff of Pro-1 Enivr^p K^d«|iEa • €*tmi*hy t roL i. 

p 5»b which Sa really a large spirit tlicnmuactcr with a tc^t-mbe luirm^ttHlly 
newitd iiato ihfe bulb; It i* inti-nik-d tot the eipnlfiiutls ‘Irle-niillintb? of *perilk- 
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heat of combination of laqiiuls. lias been described by Professor 8. IL 
Picker a ugJ 

142, [Heat of Combustion, —Thu font qf rQnrburfhm of a -substance 
is measured by the quantity of beat in calories disengaged when one 
gramme of the substance i« completely burned in air or oxygen. 
In the ease of a chemical element like carbon or sulphur the heat 
generated by the combustion of a gramme-molecule of the substance 
is usually called the hmi ff mmMrmim of the substance with oxygen. 
The heats of combination of various chemical elements with each 
other have been determined by Andrews, Pavre, and 8ilbermauu p 
Julius Thomsen, Berthdot, and others. 

The stationary temperature method of An. 138 affords a simple 
means of measuring the heat of combustion of any si distance which 
cun be burnsal at u regular rate, For instance* to determine the heat 
of combustion of coal-gas, a regular supply of the gas may be burned 
in a chamber from which the products of combustion arte drawn off 
by ;i pump through a spiral lube, the chamber and spiral both being 
immersed in a large calorimeter tilled with water, the temperature of 
which is kepi constant and equal to that of the surrounding air by 
means of ice-cold water supplied from a vessel containing a mixture 
of ice and water. If the gas supply is reduced u> the temperature 
of She air of the room, then the final products of combustion are 
given oil at the same temperature us that of the Original constituents 
before combustion: so that if nt m the mans of gaa burned, M the 
mass of ice-cold water mod, 0 the temperature of the air and oalorb 
meter, and H the heal of combustion, 

lu general, correct Soils would have to be made lor incomplete 
combustion, incomplete uniformity of temperature, and the slight 
warming of the ice-cold water during its passage to the calorimeter.] 

1 S. LT. Pickering, Fhii. J/aiF., S* voL satis, p. iij\ im 
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THE METHOD OF ^DOLING 

^43. PHneiple of the Method. — The method ol cooling in calori¬ 
metry es founded on the &up|MJiriitioti ihut when a body cools in a givcM 
91)closure the quantity ol heat, tfQ, emitted by it in n time dt depends 
oul\ oil the excess ti of the leui pcruttire of the body above that of tlic 
enclosure, and on the nature and extent of the surface of the body. 
On this supposition we may write down the equation 

■ANA/itij.fi, 

where A depends on the surface of the body, that is, on its area and 
radiating power, and/(fl) is an unknown function of tlie difference of 
temperature which will be the same for all bodies. Thus, if Newton's 
law of cooling be true, this function is simply the difference of 
temperature 6. 

Now, if the body cools through an interval of temperature &6 in 
the time dt, vie have 

«?Q = tnafS, 

where »> is the mass and * the specific heat of the body, hence 

and therefore the lime of cooling from a difference of temperature tf 
to a difference W„ will be 


A 



H 


where h(W) is the function obtained by performing the integration. 
In the same manner, if another body of mass m'aod specific heat s’ re¬ 
quires a time / to cool through the same range in the same enclosure 
we have ' 
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and therefore 

I _ A' 
f mV A 1 

sind if circumstances can he so arranged that the surfaces of the two 
bodies shall be the same, so that A = Awe shall have 

feu _i 
w'i f m i' 

That is, the thermal capacities of the two masses will be in the ratio 
of the times required to cool through the same range of temperature 
under the same conditions We shall now see how for these condi¬ 
tion* have been realised in practice, 

144. Apparatus of Dulong and Petit.— The first accurate re- 
^eurehc* by the method of cooling were made by Pulong and Telit. 
The substance under examination was placed in a small silver vessel 
and suspended in an enclosure, the walla of 
which were lamp-blocked and kept at *ero by 
tncl Li ng ice, Th e appa ratiis in show u i n Fig. G X 
The diver vessel IJ consisted of two concentric 
cylinders, the inner of which was just wide 
enough to contain the bulb of a Biuall delicate 
thermometer, and the substance was placed 
in the annular Hpice between l he tw r o cylinders. 

In the case of guilds they were finely powdered 
and tightly packed into this space, so as to 
be in close contact with its w&ltsv The out¬ 
side of Lite silver was brightly polished* so that 
it might always possess the same radiating 
power and prolong as much an possible the time of cooling, which is 
the subject of observation. This time is alto extended by exhaust¬ 
ing 1 the chamber id which the radiation occurs* 

In Fig. G3 the silver thimble containing the substance under 
examination is shown suspended at the centre of an air-tight vessel, 
the stem of the thermometer, which indicate! its temperature, project¬ 
ing through the top. In making an experiment llii* vessel is heated, 
thoroughly desiccated and exhausted* and then surrounded by ice* 
as shown in figure. The time of falling through some definite 
range of temperature is then observed—for example, the times of 
falling from 15 to 1G : , and from 10 to 5 C, 

The simple equation of the foregoing article lucernes somewhat 
modified when the thermal capacities of the silver vessel and the 

1 Th« time of cooliu# nearly twice ** \ fm g m roemtm m In sir in mmc of 
He^mult a sx[^rinis»t>. 
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thermometer arc takou into account. Denoting the sum of their 
thermal capacities by k, the equation betimes 

rJIJ + i 

*rtV+-A-~r 

w bore t is the game in all experiment' and may be determined by 
finding/ and f for two substance* of known specific heats, Tt may 
aUh be determined by estimating the masses of silver, glass, ami 
mercury respectively, and using their previouHlydotermlned specific 
boats. Both methods were employed by Begoault, tint the results 
were not very concordant. The observation of / and f for two 
different masses of water would also lead to a value of L 

i45. Renault's Experiments. A series of experiments was 
executed by Rognault 1 with the object of ascertaining how far the 
method of cooling could bo relied on in the estimation of epedfic 
heats. In the case of solid* the mode of procedure was the earn*) as 
that of Duioiig am] FVtrr t already described. With liquids the experi¬ 
ments were conducted in the same maimer, and also with a modified 
form of apparatus. In. ihe second form of appamtui the silver thimble 
was dispelled with, and the liquid wn* enclosed in a small cylindrical 
hulk of glass, the neck of which was jmt w ide enough to allow n small 
thermometer to pass down into the liquid within the bulb. The cool¬ 
ing of the liquid was then observed before. 

After an extensive series of experiments on substances whose 
specific heat# had been already determined by the method of mixtures, 
Bqguault was convinced that, in the case u i solids the method of cool¬ 
ing could not Ihj accepted ns a method of sufficient accuracy in calori¬ 
metry ; and ha was forced to this conclusion, not only by the different 
between the result* obtained by this method and those obtained by 
other methods for the same substances, but also by the discrepancies 
existing between the various determinations by this method of (.he 
specific hvat of the same substance. 

With solids the conditions assumed in the deduct ton of the 
fundamental equation arc never even approximately satisfied. Thus 
although the external surface of the silver thimble may always have 
the same radiating power, yet ihe contact of the powdered solid with 
the inside surface will depend on how tightly the powder is pressed 
into the vessel, and this will not only vary with different frnhatanew 
but also in different experiments with the same substance. Thus 
although we may have A ^A r for the external surface of the silver 

* HflgDililt, Chimin rf th S'kynqnt, :i% lom + pu 527 : aiirt ton\ 
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the con linn hi aitiou of heat from the interior outwards will depend 
both on the conductivity of the powdered solid* and on its contact 
with the walls of the vessel For this reason, nothing like equality 
of temperature can exist throiij^lii>nt the mass, and the temperature 
registered by the thermometer being that of the interior may lie 
considerably higher than that i>f the external silver surface, which is 
that which should appear in our equations. 

In the cjiae of liquids the conditions n&mined arc much more 
nearly satisfied. Here the contact with the silver vessel will be 
nmeh the same in all experiments, and equality of temperature will 
be fairlv established throughout the mass by convection currents, m 
that the question of conductivity scarce !y comes into Account, This 
method is therefore exceedingly convenient in the caae of liquids, 
especially in the enso of liquids which cannot be obtained in con¬ 
siderable quantities. 

[Tin- advantage of ihi* method is that there is no transfer once <»»■ 
mixture- the defect is that the whole measurement depend? on the 
assumption that the rate of loss of heat is the same in the two 
experiments, and that any variation in the conditions, or uncertainty 
in the rale of \m\ produces iiafull effect in the result, whereas in the 
method of mixfnros it would only affect a small correction, Other 
sources of uncertainty are, that the rate of loss of heat generally 
depend* to some extent on the rate of fall of temporal lire, and that 
it in difficult to take nccitrate observations on a rapidly fulling 
thermometer. Instead of using a *nuUl polidiftil silver calorimeter, 
it would be better to use a fairly large one, the surface of which, ns 
well as that of the enclosure, should be permanently bUdtehfid, so 
ha ^ increase ihc loss of heat by radiation as much as possible com¬ 
pared with the losses by convert ion and conduct ion, which nrc le*e 
regular. For accurate work it is essential that the liquid in the 
calorimeter should l*e continuously stirred, and that the lid ah well as 
the side? of the enclosure should be surrounded with water also kept 
stirred, and preserved at a constant tempera Hired] 

I II, u Callenrtar, £«c*. &riL t Art. iS Calortuiet? y." 
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14^1. Joly T s Steam Calorimeter. — The method of condensation 
does not appear to have been used in calorimetry, jit least with 
success, until very recently. This probably arose from the mechanical 
difficulties and the many sources of error winch apparently attend this 
method. In 188b p however, Professor Joly 1 proved that the steam 
calorimeter wag not only an accurate scientific instrument, but that, 
besides being of more general application,, it was probably susceptible 
of greater accuracy than any other method hitherto employed. He 
has ,4rtce proved that in the hands of a skilled experimenter the 
steam calorimeter gives not only exceedingly consistent and reliable 
results for solids am! liquids, but that by means of it the experimental 
determination of the specific heats- of guea at instant volume, 
hitherto regarded a* impossible, can lie readily effected. 

The simplest form of Prof. -Toly"a apparatus commits essentially of 
a thin metal enclosure, which wo shall call the steafii-chambcr H in which 
hangs from the arm of a balance a small platinum pan (Fig. G4), 
carrying (he body to be experimented on- Steam is admitted into 
this chamber at the upper end, through a tube (as shown by the arrows) 
mid escapee through a tube leading from the lower extremity. The 
steam can be admitted rapidly and shut off at pleasure, or allowed to 
How gently through the apparatus 

At the beginning of an experiment a known weight of any sub 
stance placed on the pan, a rad after remaining some time, so as 
to take up the tempenttire of the chamber, its temperature h 
noted by mean# of a thermometer inserted in a tubulurc passing 
through the side os the steam-chamber. Steam in the meantime is 
got up in the boiler, and U suddenly admitted, so that the whole 
chamber becomes at on« filled with saturated vapour. Condensation 
at once begins on she substance, and the resulting water is caught in 

1 J. Joly, PrXs AV>j/ r Vol. .tti. p. 352, 
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the pan — weight a being added to the other pan of I he balance so 
■t* to restore equilibrium. During thin proses* the atcaixi is admitted 
vorv T slowly (by opening in escape tube lending from the boiler) into 
the calorimeter* so that there is no sensible sterna draught on the pun, 
and the weighing is not interfered with. After four or five minutes 
the substance Ins attained the temperature of the steam,* and the 
condensation Is completed. The pun then ceases to increase 
sensibly ill weight, and the equilibrium of the balance is maintained 
permanent A vary slow increase of three or four milligrammes per 
hour (due to radiation) is. however, noticed. Equilibrium having been 



obtained,, the total increase of weight ir i~ noted h and the experiment 
is ovfl r. Lot ft, be the temperature of the steam, and L it* latent 
heat. The quantity of heat given out hy the condensation is n L. anil 
ihb ia expended in raising the substance and pan from 6 t to & r Tf 
W r be the weight id the substance, and s its specific heal, the bent 
acquired by the substance will be \V^ r ^}, and that acquired by 
the supporting pan will bo /'(ft, ^) t where h is the thermal capacity 

of the pan* that k, the quantity of heal necessary to raise iis tempera¬ 
ture I C, Hence we have 

, Wwtfi - - f{ \=wL. 

The quantity k is determined by a previous observation, *ud the 
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temperature flj is fount! either directly, by a thermometer inserted in 
tht: 4team chamber, or hy menu* of Kegmvult’a mbit's and a reading 
of the barometer. 

For extreme accuracy a small correction is still necessary. The 
weight M of the substance is found in air at urn I the weight it is 
found when the substance and pan are in steam at 0,. The weight 
of steam per cubic ten timet re at 100 is little mure than half that 
of *ir at ordinary temperatures, and for this reason the weight to is 
greater than the weight of vajjour condensed by the excess in weight 
of a volume r of air at ^ over the same volume of steam at 9 V where 
e is the volume of the substance and pan together. The difference 
in weight of a cubic centimetre of air at 15 C. and & e.c. of steam at 
100 ifl *000656 gramme, according to RegnauU ; hence the correction 
t0 ^ ,e a !'i^'°d to w is 00063(>r. This correction being applied gives 
the weight of water condensed, but it must be remembered that it is 
weighed in steam ; arid if extreme accuracy be desired, it is still 
necessary to multiply by the factor I-000589, in order to reduce the 
weighing to vacuum. The actual weight in a vacuum of the water 
condensed will therefore be 

1 -OOOSeiKtr - O^OMMir), 

so that s is determined from the equation 

(Wi + iXitj - f,J= l'QM5S9(ir-0-OM83«r)L. 

Where according to RegnauEt 

I, - doe-ft - , o uoooooaeg 3 , 

or very approximately L = 536*5 + 0*7{ 100 - £>„). 

In order to avoid the condensation of steam on the hi is] lending 
wire, where it leaves the steantdiiiaiber, it pisses,, not through a small 
hole in the nteia], (nit through aimall hole pierced in a plug of plaster 
of I al ts, b ithont the plaster the steam condenses nn ihc metal and 
forms A drop at the aperture through which the suspending wire 
passes, and destroys the freedom of motion of the wire and prevent* 
accurate weighing. With Die plaster of Puri* plug no such drop 
collects, and the weighing can bo performed with accuracy. In Ids 
later experiments, t’rof. duly placed a smalt spiral of platinum wire 
armmd the suspending wire Just outside the nurture, and by passing 
an electric current through the spiral, sufficient heat is produced to 
prevent all condensation on the suspending wire in the neighbourhood 
of the aperture. Besides accuracy in weighing, a point of prime im. 
portanee is the rapid introduction of the steam at the beginning of 
the experiment. When the steam Hm enters the calorimeter 
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partial condensation occur* by radiation to the cold stir and the w r :dla 
of the chamber* £ome of the condensed globulin may fall upon the 
tfvhgfotico and lead to an error in the value of ,*. If the steam enters 
alowlv this error may Ike large, and it is therefore impwtntH to till 
the -chainIn*r at once with steam. This ricetfiritate* a good supply of 
steam and a large delivery tubi^ but when the chamber is well filled 
with steam a very go title after-How suffices. If the steam supply l>e 
cut off, the weight of condensed vapour slowly diimuialiea* This arises 
from distillation over to the colder walls of the chamber, and if the 
steam be again turned on the weight increases. 

The error arising from the deposition of condensed globules oil 
thy paii during the initial stages of the experiment iw somewhat 
counterbalanced by radiation from the steam to the substance- Flu* 
latter is analogous to the transference error in the other methods of 
calorimetry. 

One advantage of the steam calorimeter is that h applies equally 
to solids, liquids, anti gases, and may fie used for large Of small 
masses, so as to enable us to find by this means the specific heats of 
rare substances which ary not easily" procurable in largo quantities. 
Liquids, powdery and solids acted on by steam may be sealed up in a 
glass envelope, the thermal capacity of which can be delormined, 
The method therefore appears not only exceedingly accurate, fait also 
universal in it* application. 

The methEvd of evaporation, on the other hand, i* important in 
estimating quantities uf heat in many scientific investigate oils. If Is 
particularly useful in evaluniting the quantity of heat developed by 
the combustion of coal or other hinds of fuel* and hi measuring the 
economy of various kinds of furnace*. 

147. The Different Sal Steam Calorimeter—Spec I He Heats of 
Gzts^s at Constant Volume. In a more recent- form 1 of the *te»ni 
calorimeter? the correction for the weight of tho nioam displaced by the 
pan fa avoided. Tin* form is named the differential steam calorimeter, 
and has been applied by Prof, -loly to del ermine the specific heats of 
at conitent volume* In this form (shown in front and -dde view 
in Fig, ®5) t wo similar pans bang in the steain-ehamber, one umpendgd 
fruEu each arm of the heilmnce, as to counterpoise each other. The 
thermal capacities of the puis can Imj made equal, so ibid t will vanish 
from the equation, and the mdialioii error will also di^ippter, ha it 
will cause equal condensation on the two pin*. 

The chief use of the differential form is, however, it* applica¬ 
lf on to the calorimetry of gases. For this purpose the pans are 

1 1, JliIt, JVoe. /lotf. Sot. Vfll. \iv\\r p, 21$, is^o* 
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replaced hy two equal spherical s holla of copper, 03 te containing the gas 
at a kn own pressure and tempera! tire, a nd i he other empty. The spbe res 
are furnished with, small puns, or “ eatch-watcre,* to collect the water 
resulting from condensation. Greater condensation occurs on the 
sphere which contains the gas, and tho excess gives the quantity of 




hfr ML 


heat required to heal the contained mass of gas from 0 1 to t* t . This 
determine* the specific heat of She gas at constant volume. 

The great advantage of the differential calorimeter is r that any 
source of error common to the two spheres is eliminated, and the ga* 
or other substance enclosed in one of them merely beers its own share 
of error, and not also that of the containing sphere. Thus an error 
in the observation of the temperature disappears with regard to the 
sphere, end the effect is practically the same as if the ga* were con¬ 
tained in a vessel of zero thermal capacity in the single steam ealori 
meter form. 
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In making an experiment, the sphere used to hold the gas is 
repeatedly washed out with the dry pure gas, the sphere being both 
heated and exhausted before each admission of the gas. It is then 
filled and hung hi the steam-chamber and counterpoised against the 
empty sphere, the difference of weight being noted* This gives the 
weight of gaa enclosed. The stationary temperature being tinted, 
the steam i* admitted, and in about five minutes the condensation 
will be complete. The upper temperature is then noted. The 
lower temperature & } is registered by a delicate standardised low range 
thermometer, and 6 t i* registered by a similar high range thermometer. 
The spheres are now removed from the calorimeter and carefully dried, 
their high temperature being iiitliciont lo completely evaporate all 
moisture from their surfaces. When cool* they are again placed in 
the calorimeter, and equilibrium tested. This is in order to delect 
if my leakage km occurred daring the experiment, 1 Some of the 
gM may now bo let out* and another experiment made with what 
remains* 

The spheres employed by Prut Joly w ere of cupper, and about 6 i 
cm, in diameter, the one containing the gas being made to stand a safe 
working pressure of about 3n or 40 atmospheres. If at the beginning 
of Lhu experiment this sj>aco is filled with air at About 22 atmospheres 
at 0, the pressure will be about 30 at 0*. In an experiment the weight 
of air contained was 4*2851 grammes The coridcnnation due to the 
sphere w:isi ] -fi gramme, and that due to the air 011629, or about 
that of the sphere, the range of icmpcriUure ft. W 3 lasing 84 '52 C. 
In a series of six experiments the mean precipitation per degree cem 
tigrade was 0*018004. 

The corrections necessary for extreme accuracy are— 

(1.) Correction for the thermal expansion of the vessel, and the 
consequent work dario by the gas in expanding to this 
increaflod volume. 

( + 2,) Correction for the dilatation of the sphere under the increased 
pressure of the gas as the temperature rises. 

(:l) Correction lor the thermal effect of stretching of the materia! 
of the sphere. Wires are generally cooled by sudden ex¬ 
tension, but the cooling of the copper in thii case is too 
amall to merit consideration, 

(4.) Correction for displacement, or buoyancy, arising from the 
increased volume of the sphere, both in the air at and in 
the steam at 0*- 

^ Pi itip later expdinutiU *11 compktslj popped* 
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(5.) Correction for unequal then in. I capacities of the spheres, 

(G P ) Reduction of the weight of the precipitation to vacuum. 

Prof. July's experiment a show that in the case of air and carbonic 
acid the specific heat increases with the density, but with hydrogen 
the opposite seems to be the ease. 

For air the specific heat at constant volume at a mean pressure of 
19-51 atmospheres, and a mean density of 00205, was found to be 
01721. For carbon dioxide, the change with pressure is shown by the 
following table: 


U Vi'Jiurn Lp At *qj&#phcfiSA 

Lteudtjr, 



0 011530 

0 10911 


13^0 

0O1W50 

0’ 17054 


lfi‘67 

OH2840& 

0-17141 



omaasso 

<H7alOG 


si m 

O j o:i7&0L" 

0T73$fl 



The mean result of the experiments oil hydrogen gives a specific 
heat 2 402* 
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14®. TJi 8 T wo Specific Heats of a Gas.—It h ns been al ready 1 sol u tn l 
out (Art IS2) t bat the specific heat of a substance can Ijc spoken of with 
definiteness only when the conditions under which the heating taken 
place sire stated. If a body l>e allowed to expand when heated, work 
will be done against the externa] procure, and an equivalent quantity 
of heat will bo required, and if the sjiedfie heat be merely defined si* 
the quantity of hear necessary to raise the temperature of unit mass 
of n solitaries I C\ t its value will depend on the amount of external 
work done during the change of temperature* as well as on the nature 
of the substance. Thus, in general, the specific heat of a Hiibatance 
may have any value whatever if the conditions tinder which the change 
of temperature takes place are not defined 

In the case of solids and liquids the change of volume, and there¬ 
fore the external work done, during change of temperature is small, m 
that although the ipacific heats so hr determined are those under 
constant pressure, yet it ha* net been necessary to allude to the fact. 
Tn the case ol gases, however, under constant pressure, the change 
of volume with rise of temperature is considerable, and lbs thermal 
equivalent of the external work dune during expansion is a large part 
of the whole heat supplied during the change of temperature. For 
this reason* the conditions under which the heating of a gas lakes 
place must be stated when referring to the specific heat; stud it 
has become customary to speak of two specific heats in connection 
with any gas r namely t the specific heat at ronstnut ivWauir, and the 
specific; bent under pressure. The former is the quantity of 

heat required, to raise the temperature of unit mass of the ga* I C* 
w r hen hs volume is kept constant, and the biter ihe quantity of heat 
required to raise the temperature of unit mass 1 0. when the pres¬ 
sure is kept constant. In tile former, the pressure increases while 
the volume is kept constant and no externa! work Is done. In the 
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latter, thy volmno increases nmler constant prv^tth!, aud an amount 
of external work is done whiuh is measured by the product of the 
mean pressure by the change of vGlnme. 

The experimental determination of rhe specific heats of gases at 
constant volume has been already considered under the method of 
condensation, and wo -shall now procofid to the experimental deter¬ 
mination of the sped fie heat under constant pressure. 1 This investi¬ 
gation is attended by great difficulties, urising chiefly from the «maLl 
specific gravities of gases, so that a large volume must passed 
through the calorimeter in order to produce any appreciable change 
of temperature. This requires a considerable time, and during the 

interval till the causes of error which accompany calorimetric de¬ 

terminations are in operation. The relations connecting the two 
specific heats, and the methods by which they may Iks determined 
indirectly* will be considered afterwards, 

149. Specific Heat under Constant Press lire — ReffnauiGs Appa¬ 
ratus* — The apparatus adopted by Kegmuilt to determine the specific 
heaU of gases under eg a stunt pressure was a modified form of that 
n&ed by Delaroche and Bdrard. The g.^ to be operated on was 

stored dry and pure in a large reservoir, V (Fig* GG), w Wch was 

immersed in u bath kept at a constant temperature. The pressure of 
the gas in this reservoir was measured by an open manometer attached 
to the delivery tube. When the stop-cock R wu opened the gas flowed 
from the reservoir through the spiral tube, immersed in a hot oil bath 
EC, which could be mum tain ed ut any chosen temperature. This 
spiral was so long that Ehc gas in prosing through It attained the 
temperature of the surrounding bath* After passing through this 
spiral the gro entered the calorimeter. Here it prosed through a 
brass reservoir consisting of a series of chambers, and gave up its 
heat to the calorimeter, emerging finally at the temperature of the 
calorimeter by the tube D. 

The firat point of prime importance was to secure a unif orm flow 
of the gw*, so that it should pa^ through the calorimeter uniformly 

i Tha first TVaCAirhas on the a pacific bc*l « of nvn rmulc by Crawfottl, 

who Applied th« JJSiUljoiJ »f mixture* aniJ found lh*it tin* ijn'citir bent enf air 
Wtm DCflziy twice that of wntrr 1 Altarmtfdj La comer mui dt 

Lar&irier 9 lom. ii. found by nitrous «r tlidr iev e*lnrinni|«r a. more Cfflfrect valuo J13, 
and sqb&ic|Mntly Guy-LiU^C dt Ckimfc it d* l%p%iw r tom. IxxxL p. J>S) 

atiuuked the Tmbjflct ; but by fir the Iw^ dctirmiufttiofii ph!fku ti Rt'gnault*t work 
are those of Delaiwhe and Bijmrd {A? in. tit £?Ai j )ni> d tfc Phy.fiquf, l™ -.'rie, turn. 
Lxmv. p*73}, trDVDBiJ by the Academy of Sclent, Hmy cam>cd ft uniform current 
of g«, lu'-.ur-d t« tOO‘ G. - by [waning thrantfh a tub* roatsloid in a vapour juket), tn 
juj.s, through a spiral Lu.ltf retaliat'd in the Oa]OTiUict«r Judlv al?iO riiml* an iccnrfttf 
dubvritnuatioa of tin. 1 specific ht*L of air (Phil, Trani. pL. t. p, Oj, S bji). 
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and under constant pressure, As the gas escapes the prepare in the 
reservoir V diminishes, while the pressure outride (the atmosphere) 
remains constant, consequently the Tol&city of efflux will gradually 
diminish. To avoid this Rtignault placed n manometer, M, in 
connection with the conducting tube at N, which registered the 
pftuure at that point. Between this manometer and the reservoir 
V Li screw R wna placed (shown enlarge*! in Fig. <ifi p ^B) t which 
obstructed the flow of the gas, but which could he gradually with- 


KL. <Hl PdgHIilt'f 

drawn so at to leave a wider pa^tgv and keep the pressure registered 
bv M constant, This secured a constant pressure, and hence a 
n id form flow, -Jus t beyond the manometer the tube was very 
narrow. In order to make certain that the gas actually acquired the 
temperature of the bath in passing through the long serpentine 
EC, Reguault made some preliminary experiments in which a ther* 
mometer wots placed in the tnhCj so ,u to take the temperature of the 
gas just before leaving theIjath, Tty 13iis menus he found tb:it. there wa? 
riih sensible difference of temperature, Hence, in subsequent invc&tiga- 
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n'ons rhe temperature of the gw entering the calorimeter was taken to 
ho that of the bath. Particular precaution ware taken to avoid loss 
of heat- by the gas in passing front I be bath to the calorimeter, and 
also to prevent, us far as possible conduction of heat from the bulb to 
the calorimeter through the connecting tube. For this purple the 
enuuectiug |)art* at C were made of nonconducting material* And 
the calorimeter was enclosed in a wooden case. In order to ascertain 
if the pressure of the gaij was the mm* at entering m at leaving 
the calorimeter, water numometor^ were placed at tho entrance C 
and the exit p r These showed no mot* than 1 mm. difference.® A 
thermometer placed ait D also showed that the temperature of the 
escaping gas was the same kh that of the calorimeter. 

It now remained to calculate the weight of gas which passed 
through the calorimeter dtiring tho experiment. In the first place, 
the total weight of gas in the reservoir ie* by Boyles taiv t proportional 
to the pressure if tho volume of the reservoir retiming constant. 
This volume wa* influenced by both temperature and pressure, and 
to correct the former the reservoir w»? placed in a ImeIi, and to 
mini mise the lat te r 1 he reiser voir was made strong, For a ny \ uessu re 
p Kognniilt assumed that flic weight rd gas W in the reservoir was 
given by the formula 

11+ = -r %■ 

ha which A, IS, V were determined by experiment. Tims the weight 
W at any other pressure p wan, at the same tern pencil re, 

1 rofl;VV-- A,.' - Vyi-Up* 
aud conswjuently their difference w was 

- ] - " A(jii- jsQ + H j** - Jr™) - t!( ff* - /j ' =, p 

By making three such experiment^ three values of a, run! three 
equal ion* t>> determim: A* B p C were obtained,, These being unco 
determined could he used in all further experiments. 

3n carrying out an experiment the gas was eompre.^cd pure and 
dry in the reservoir V under a sufficient pressure. The oil hath was 
heated to a stationary temperature, and ji known weight of water 
was placed in tho calorimeter. The whole observation was then 
divided into three part*. 

1 | In furiiK'r edilii-a.N of till* \u*tk it was «taUJ [hut if thin h nnt the c*«j |V 
gas will hfiv* SXpludad in 1 ti .■ nlorimclfr, doin^ work jinrl Absorbing hs-at, ttiUs 
culuiu^ et tor, Thtit ii a m3ai.it:.-. ** bos U-i-ti |---i 11 a- • i otit by F, C. ^-arl*- f*r\*. 

Phi V, Sr*. vol. xiiL p r M r ITOti . Til* &ns id iiy ttxfpaarjiiig, bum t- 

il IB being hejUE.it at- consult Jire&ilirf. Even if an approekhlc f.il] 0 f prelum 
UXlhUid, it would pTPdUM only II wiy mimil* etN'rt «n the teiiLjM:future, *< jh thi- 
tHjnn^ \Ang uxpflrlment ta- Art. .j 
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(I.) The ealorimeter was observed for tun minuted in order to 
determine the heat received per minute through conductivity from 
the oil hath ; (/?) radiation from the screens : (y) radiation to or from 
the surrounding air. The effects (a) and (ft) are practically constant, 
for the temperature of the hath is always much higher than that of 
the calorimeter; but (y) may be either positive or negative* and 
must lie found by observation of the temperatures of the air and 
calorimeter from minute to minute. If & represents the change of 
temperature [m minute arising front (a) and (ft) together* and if 0 C lie 
the mean tem]>emt>ure of the air and & (hat of the calorimeter during 
any particular minute, the corrssfxmding change of tomperatura Sit of 
the calorimeter arising from the perturbations ft y will be 

M = r fl] 

(II.) After the lapse of tan minutes, -spent in the observation of 
the perturbations due to radiation and conduction, the gas was turned 
on p and during this phaae of the (a?c|>erim€;iit the temperature of (he 
calorimeter was changed by the passage of the gus through it, and 
also r but to a much smaller extent, by the porturlmtion mentioned in 
(T). li the flow is continued for - minutes the total change of 
temperature arising from the latter cause* is 

-tf # j t hIc*. 

If ^0 be jKJsitive it must he subtracted from the final temperature 
of ihe calorimeter in order to obtain the temperature which would 
have been attained if on perturbation* existed, [denoting the initial 
temperature of the calorimeter by 6 % and its observed fi rm] temperature 
by d L „ the true final tam]>omturo will Is; and if W denotes 

the water equivalent of the calorimeter the heat gained by it from 
the gas will bo \V[(w.. - ^]* and if tr be the weight of gnu 

transmitted, and * its specific heat, the whole mass of gas may he 
considered as having fa Elen from the temperature o of the bai.li to 
the mean temperature b ft - ih) of the calorimeter : consequently the 
heat lost by the gas will be wsfff - \(tf| +■ tiU)], anti the equation which 
del ermines | is 

. TO 

(Ill.) The third part of the experiment consisted in observing the 
variation of the temperature of the calorimeter for ten minutes after 
the How of gas was stopjred. It was now' only e object to the per- 
turbatioua, and the change of temperature was due to those causes 
alone. Denoting the change of temperature per minute of the 
calorimeter by and the mean temperature of the air during this 
minute by while that of the calorimeter is i9 r , we have 

..... ( 3 ) 
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This equation, combined with (l) t enables us to determine A and 
and hence the quantity Sift which, when subaritiitftd in (2), gives the 
specific heat. 

Iei the case of gase.H which attack copper the spiral tubes were 

made of platinum, and when pressures higher than the atmosphere 

were required, the narrowing of the tube jmt beyond N was dispensed 
with, and the mouth D of the tube where the gas escaped was made 
very narrow. The water manometer M was ako replaced by a 
mercurial manometer, The following results wore obtained by 
Rcgnault 

j^pe-cific? Heath of Gases under Constant Pressure. 
Simple Gases 

Air. . * ■ ^ T ^lrOJ^tJU , * i . 0 l 24380 

Oiyg*n . „ * 0 21751 I Chkrint . . . Q'l 

Hydrogen . , B J 40W j Er&mme . , , 0'05552 

150, Method of Stationary Temperature. — In the process just 
described the temperature of (he calorimeter varies from ft to ft, and 
may therefore be called (he method of variable temperature. Dola- 
roche and Bdrard employed in addition the method of stationary 
temperature. In this method the hot gas it passed through the calori¬ 
meter till the temperature of the latter becomes stationary. At this 
singe the heat gained per second by the calorimeter is equal to that 
lost by radiation to the surrounding*. Denoting the weight of gas 
which passe* through the calorimeter per unit time by w and its 
specific beat bv s tbie total heat gained by the calorimeter per unit 
time will be uuftf- if) + k r where is the stationary temperature of 
the calorimeter, 61 that of the bath, and k the gain of heat by conduc¬ 
tion through the connections. But if ft be the temperature of the air* 
the lo&a by radiation will be A (tf ft), and consequently 

Ktffl #')i t'=A(#‘-e d y. 

The coefficients A and k may be found as before by two observa¬ 
tions on the rate of change of temperature of the calorimeter. In 
determining if PeWoche and Borard warmed the calorimeter initially 
to Et temperature a little inferior to the stationary temperature, and 
then allowed the ga.* to pa** through, observing the maximum Indica¬ 
tion of the thermometer placed in the calorimeter, that i,-?, the tem¬ 
perature indicated when it ceased to change by more than ft q i a 
degree in ten min Lite*. They then heated the calorimeter a little 

1 Thi- specific buftl yf nitrogen vude^tu;^ from that nir comlii tux) wEtti thin 

pf oiygeiL, 
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above the stationary temperature, and alluwiil the gj(^ to p&ss, This 
time (he calorimeter cooled to a stationary temperature. The mean 
of the two temperatures thus observed they took a* thtf ti ne stationary 
temperature #\ 

1S l + [Lussana/s Experiments. —The most cartful direct measure- s^eisi.- 
ments of the specific heat of gases at constant procure are those due 
to Frof + S. Lussaua. 1 The method adopted was ill flotue fflfljwti similar prwu»* 
to KeguauU*, but with the important modification that the pressure 
was maintained constant throughout the whole apparatus, the design 



Ftfr fir. 


iif which also made the uae of much higher procure* possible. Prof, 
Lihhhiikls researches extended over several yoars, in the course of 
which various changes and improvement were introduced from time 
to time, but the essential parts in most of the experiments did not 
differ much from the arrangement represented m EEg. 67. 

A and B are two iron cylinders of internal diameter 27 cms. and 
length about 56 ems, Their lower end* are connected by a flexible 
spiral steel tube C 3 so that- A being fixed—Bcan be moved vertically 
up and down to a higher or lower level (ban A. In the Edition 
shown, A in full of gas and li p as well m (he uteel spiral* is full of 
mercury. If TS U now raised (o a level higher (ban A t the mercury 


1 xVupw rVMifjii 1 ^ jw-rica :i } toL xxxrt f l$M ; .Turtr |.£Q5 ; Yvb. 1S96; Aug, IS 87; 
.turn- tga.-.. A Hi */ it. fjtiiUtU* ii li rttruzr, kite fC fd uvti, tom. tSL, jhtms 

viip I $56-97. 
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Hows from R to A through the filled tube, causing the gas to pass 
through the copper mho D, the Up E t and the flexible spiral copper 
tu>M> F Into B r The mercery is Allowed to fill A and to rise in the 
tiling above it till it touches a platinum wireCS, thereby completing an 
electric circuit and ringing a boll. The apparatus is now ready for 
an observation. The pressure h noted, and also the temperature* 
indicated by the various thermometer,-. After the temperature of 
the calorimeter has been watched for tea minutes, the Up E b closed, 
the ups H and l opened, and B h gradually lowered. This causes the 
mercury to pass from A to B through C, driving the gas out of B 
through FKT, through the copper spiral L contained in the heater M, 
through a similar spiral N immersed in the calorimeter O t and thence 
by the tap H and the tube D back to A, H and I are then closed 
and E opened, mid the temperature of the calorimeter again watched 
for several minutes, after which the protest is repeated. It will thus 
l>e seen that the same mass of ga« can be used over and over again, 
stud that its pressure remains Always the same. At each operation a 
known mass of gas is passed through the spiral L and there heated to 
an observed temperature given by the thermometer T,*. It ]*a££cs 
thence through the spiral N and h there red uteri to the temperature 
of the calorimeter given by The thermometer T r The rate on which 
the calorimeter is gaining or Wing heat through outside influenced is 
calculated, as in RegnaultN experiments from the temperatures of the 
calorimeter previous and subsequent to the passage of the gas. Thosn- 
lempei atTircs were reed through a telescope at intervals of one minute 
during a series of observations The tenijitraturi* T, of the air, and 
T lh of the heater, were noted from time to time. T t t* a thermometer 
giving the temperature of the emergent col Limn of T r 

la the earlier experiments the mass of gas contained in A was 
determined by finding the weight of mercury necessary to Ell I It under 
tin'! requisite pressure. Allowing for ihe compressibility of mercury r 
the volume of A was thus found, and the mass of gas fiUing it at the 
same temperature and pressure calculated from the results of AniagM/fl 
experiments. In the later experiments, however, the ma&n of gas was 
directly measured by an arrangement origin ally due to Uhabuut, the 
gas being allowed Eo Issue slowly through a tap Q t R being chided, and 
its volume measured at atmospheric preseutf. 

The pressure was measured by a closed air manometer P. Pressures 
ranging from o or 6 atmospheres to nearly 150 atms. were employed. 

The construction of the heater will be seen in the figure. In some 
experiments water or alcohol was kept boiling in S, In others a 
fractional distillate of petroleum wm used. The temperature of T,. 
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was thus varied from 1 ms low 100 C, to about -DO r A condenser 
(not represented) wa? attached to M and returned ihc condensed 
liquid to 8. 

In order to diminish n& far as possible the passage of heat from 
the heater to the calorimeter, a screen V was interposed. This was 
at first made of wood: afterwards a narrow box in which cold water 
teas kept circulating was substituted. The copper tube pasften 
through a cork in the upper part of U. 

A modified form of calorimeter mod by Lusaana in his later experi- 
menu is shown hi Fig. fit 1 . In form it is similar to Bunsen's ice 
calorimeter (Ari. 1 “I5) F but the 
portion of the bulb aiaive the 
mercury was filled with amyl al¬ 
cohol Oil of vaseline was poured 
into the inner tube to facilitate 
the conduction of heat to the spiral 
tLil*e contained in it* This spiral 
tube was of copper and about 2 
metres long. The calorimeter was 
immersed in a vessel F which 
was itself surrounded by another 
vessel in which water wan heated. 

To this heater a condenser was 
attached, and the supply of gas 
to the burner was regulated by a 
thermostat. Thu* the calorimeter 
was kept at a temperature almost 
quite constant whoa no air was 

being circulated through the cods, the motif hi of the end of the 
mercury column in the gmhmtcd tubeC >J«ing regular and very slow. 

The only gas exi*rimented on wan air. It wn* first passed through 
lhe coil immersed in the water bath The teiufkirature of ti is 
given by the thermometer and the small difference of temperature 
between the bath and the air leaving the coil is given by a thermo- 
collide, of which one junction will be seen near the bulb of the 
thermometer, the other being in contact with the issuing air in I*, 
The air then pined through the spiral of the calorimeter, and the 
temperature to which it was raised was determined in a similar 
manner* The passage of the air cooled the calorimeter and the 
recession of mercury in Cwaa observed, allowance being made for t!n k 
slow, regular motion of th^ column. 1 heiie data are sufficient, if 
lUc mass of ;dr and the constant of the calorimeter arc known, to find 
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(Sic -sped tie heat, The mt&* of air was measured as has been already 
explained* ami the constant of the calorimeter was found by discon¬ 
necting the spiral of the water bath, allowing a known mass of water 
to flow into the calorimeter, and proceeding as usual. 

The top of V and of the heater was covered with a thick layer of 
fe1t r and in addition two wooden screens were interposed between F 
and Q k D and K are graduated tubes for altering the position of the 
mercury column. 

In his earlier experiments buss ana did not carry the pressure 
beyond about 45 at ms. Up to this point he found that the variation 
with pressure of the specific! heat of a gas at constant pressure could 
be well represented by a linear formula of the type 

C^a+fcfy l i 

p being the pressure in atmospheres, and a and & constant*. The 
initial ami final tempura Lure* of the ga* were about 95 and 10". The 
following table contain* the values of a and fr for I he gas as experi¬ 
mented ntl:— 

Sp&Cirit! [Ikat at Constant Pressure 


on. 

S[h-.-I Re Ht*t ill 1 
ALnuHphhf#. 

FI 

3 hCTTJnl' |Kr 

Atlflfriphw* 

Hydrugtn 

HetllflSn 
tifbofi (It oikle 

Et hylentt 

NilrottB oxide , 

3+4025 

0^915 

0-2015 

0*035/ 

0*22480 

0*013300 

o imm 
o-mom 
rnomw 
o«i esc* 


The value of the specific heat under a pressure of 1 atm. k here 
obtained by extrapolation, ns the minimum pressure used was about 
5 fttroa. 

An extended series of experiment was carried out on air and on 
carbon dioxide. For air Ln^w-tia gives the formula (for about the 
same limits of temp nil ore) 

* Cy= o won + ouoi too4 { f d o *Mmim i cj»—i >*.] 


152, Influence of Pressure and Temperature,—Delai-ochc and 
Ecrard wore of opinion that the specific heat of a gas depended on the 
pressure; but Regnault* w ho investigated this point carefully, came to 
the conclusion that the specific heat of a g m under constant pressure 
was sensibly independent of the pressure. This would he expected in 
the case of a substance rigorously obeying Boyle's law ; hut in the c?l*u 
of gases like carbonic acid, which deviate considerably from this law, 
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it would (tot ho anticipated- In fact) wo have already floeii front Dr, 
JolyV experiments on the Jjgiedfic heat at constant volume that a 
notable increase of sped Hi; heat with density occurs not only in 
carbonic acid,, hut also,, though to a less degree, in the ease of the mu n r 
fie r feet gases, 1 while hydrogen behaves in the opposite manner. 

The influence of lompanittnfe was also studied by KegmiuU, and 
for this purpose the bath surrounding the spiral was kept at different 
constant temperatures, sometime* being replaced by a freezing mixture. 
Me obtained the following results 


Afer. 


IJubotiH 1 AcW- 

1 

TiP Eli f.*E*tUf fl. 

S[mcJeIe Hr * £. 

'I 

Sp*rthe H'i-S- 

Fwisi - ar to + ir 

0-23771 

Fraui - 30 to + ] 0 

01M27 

o' io - m m 

D-23741 

f 10 1 to 4 100" 

0 3O"i46 

0" L& 4 200" 

0 J 2it76l 

f ( 0 * lo 4 2 ir 



According to this table the a pacific heat of air remains setisibLy constant, 
while that of carbon dioxide rises considerably with the temperature, 
and it i* probable that all gases which deviate from Boyle’s law follow 
the general law of solids and liquids, and show an increase of specific 
heat with temperature. On the other hand, a perfect gas,, when used 
as a thermoinetric aubetaricei, shows equal rises of temperature for equal 
increments of heat, 

[The general conclusions arrived at by Lussaua are that the 
specific heat at constant pressure incrmi considerably with the 
pressure for all the gases experimented on, and that it varies also with 
the temperature. in the case of air the rale of increase with pressure 
diminishes at high pressure*, the specific heat apparently tending to¬ 
wards a maximum. The specific heat of air in creases with increase of 
temperature, and also the convexity of the curve connecting the specific 
heart with the pressure seems to diminish with increase of temperature. 

The specific heat at constant pressure of carbon dioxide increases 
rapidly with the procure, attaining a maximum in the neighbourhood 
of 110 iiinis.p after which it diminishes At pressures below 50 aims, 
the value of V P increases with temperature, but at high pressures it 
diminishes considerably as the temperature rises,* 

The view expressed by Lusaana, that the specific heat of air tends 
to a maximum was confirmed by X Wkkowsti 3 by experiments at 

1 InrtfiaO, or rl(n;r*riae h Uiiorae* qmtt iiitdbgilda when tli* e*isU?n(?* of 

gw ups of tnolecnta U iwogaked ** panted out in An, 52, 

1 It Should bB remarked that Hie CQj IbiUrlied in the rtloriiuater, BO that its 
h*at i*i iodudd in the a^eiflfi h«t- 

3 BulL r/r fAtad, dt i iki** i«a dt CVoCwW. p. l£W3, Get, 
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lour temperatures, using a modified form of the method of ilcgnanlt 
and K. Wiedemann. The quantity of air used in an rx^riment was 
measured directly by tiie balance. Pure dry air was compressed to 
80 or 100 atmospheres in steel or copper flasks, and a known quantity 
<14 to GO grammes) was passed through a refrigerator and then 
through the calorimeter. The temperature of the refrigerator was 
given by a hydrogen thermometer, and the difference of temperature 
between the refrigerator and the air just at the entrance to the 
calorimeter by a thermo-couple of copper and nickel. Witkowski 
found that the specific heat of air at constant atmospheric pressure is 
sensibly independent of the temperature, its value being 0-2472 in 
calorics. A small departure at the lowest temperature was attributed 
to £i rfuinga in pressure. 

T1h 3 ViimtEoii of the specific heat with presaeire was not measured 
slirtetly, but cslciifated from the ^Dteitninatious of the dilatation of 
air referral to In Art. 122. Writing the tv*uh of Ex, 24. An. M4 & 
in heat uni ta K wo have 



when C, is i he specific heat at constant atmospheric pressure and has 
the value* 0-2372 for all temperatures, and r is the absolute tempera 
titnv Now with the notion of Art. 242 


'-^W> 


- w.( \ + 

where ^ i* i m lepers U-nt of W ■ therefore 


r= Wo = W,,. 1 „ 

i> j, •*"' 


therefore, writing «■ for ,i t g to avoir! cuinbroiisucAs, 

(**\ + J {Sa -\ 1 

l **h f 


jinrl this formula furnishes a means of calculating (tPr >i&) n since the 
terms on (he right-hand side win be obtained graphically from the 
curves of Fig. 47, Art. 122. As Witkowski used the l.vdrogeu scale 
in measuring 9, we may put <Pr/di* = JhidP, and therefore obtain (he 
value of C,. for various pressures and temperatures from equation (1) 
Fig 6E» shows Witkowski’s curves for (he variation of C„ with pressure 
iit. various temperature*- ] 
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153* Difference of the Two Specific Heats.— A perfect gas is 
usually considered as mi ideal substance whose molecules arc out side 
the sphere of each other’s attraction* When such a auhstnuce expands 
eio work will Ijo spent in separating the molecules further apart, for by 
supposition they do not attract each other* The whole work done 
during a clmngc of volume will consequently be external. Tims, if 
the volume change* from to r\ under ;t const writ pressure ;% the 



external work is /^iv - ' A Now the specific heat at constant volume 
C r is the quantity of heat required to raise the temperature of unit 
mass I" C. when the volume is kept constant, and the specific heat 
under constant pressure C y will exceed this merely hv the thermal 
equivalent of the work done under constant pressure, while the tem¬ 
perature changes by 1 C\ W e have therefore 

J{C|p - C F ; -]i\ r a - r, j = EiOj - b, J, 

or, since the difference of teini^rnture ia one degree, it follows that 
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'I being Janie's LHpii valent. Thi/eqnatiori, combined with el knowledge 
of either specific heat, determint^ ihe other, or combined with their 
ratio, or utiv other relation connecting them, determines both. 

The experimental examination of the assumption made here,namely, 
that no in Lenta I work is done when a gas expands, or rather that in 
the Casa of ordinary gases the internal work is very small, was first 
undertaken by Joule* 

[To calculate the value of V r , ■ (\ we may make use of the value 
already given for l\ i Kx. 3, Art. 94) in the case of hydrogen, 


Ex - 

r^o that if /i is the molecular weight of any g&s, puttingJ - 4 i-J* x ]0 Hi , 
we get 


a 


r _H 

s 


1-&S4 


This formula assumes the equation for a perfect gas. Wltkowski 
has calculated the values of € v for different pressures and temperatures 
by means of the more general relation given in Ex. {1 ) n Art. 345, 

VI2*“ 





Futthig, as in the preceding article, pi- - ^e, r , wo gee 


il) 



and substituting iri equation {I), we have 

The values of dp.dr and d^uip ware obtained by WitkoW^ki from the 
results of his experiments on the prepare coefficient and compres¬ 
sibility of air [see Art, 122). He found that C r increased with the 
pressure when the temperature was constant, am I this increase to 
much more rapid at low temperatures. The value of y p or the ratio 
of the two specific heatfl thus obtained, increased with pressure, Al 
constant pressure y increased rapidly a* the temperature diminished, 
attaining a maximum in the neighbourhood of - 120 C* This is 
about the critical temperature of oxygen. At the critical point y 
must he infinite,] 
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154, Joule's Experiment. In detenninbag thfl hent developed by 
coropreawing air in a vessel, Joule was struck by the? ucctitiity with 
wbictl it re preti elil pd EI]c; 1 eijuivaleEis of the Vturic espent in offlbotllig thu 
eonipre^siom arid similarly, the quantity of ho^t lost during exjjadetoii 
appeared to be accurately iho equivalent of the work done again ft the 
external ptmeura. Be consequently del t rained to investigate if the 
temperature of a gn? changed when fhe volume merely incrumbed 
without doing external work. For rids purpose two receiver^ A and 
B (Fig. 70), which woro connected together by moans of a tube furnished 
with a stopcQckp were immersed in a hath of water, which acted the 
[Wirt of s calorimeter* One of the receivers A, was tilled with dry air at 
about 22 atmospheres and the other was exhausted. The water was 
thoroughly stirred, arid it* tflH)pffl»tnra noted by means of a very MMb 




Fl* Ti¬ 


ll vo thermometer reading 10 .J l5 of a degree F, lhe stopcock was 
then opened by means of a key. rind the air allowed to pjsss from A to 
B till equilibrium was eatabUfiHwL The water vm again Hiirrai, and 
the temperature was found not to have changed by any appreciable 
amount His conclusion was that fc4 no change of temperature occurs 
when air is allowed to expand in such a manner as not to develop 
mechanical power/' 

In order tu analyse ilii* experiment, -loule inverted the receivers 
as shown in Fig. 71, each, u.h well as the connecting pipe, being 
immersed in a separate hath. When the air compressed in A was 
allowed as before to expand into the exhausted vessel B, the toni|»erar 
taro of the hath containing A fell, while that containing B rose, as 
well as that containing the connecting pipe C, the heat lost by A 
being exactly compensated by that gained by B and C, a small error 
arising only from thuse part* of the pipe which wore not immersed in 
water. 

From these experiments 1 it follows that no internal work U done 

i An ntMlegona exjicrinien t hud Wn previously mads by Uay-LiuwC (Mtooirt* 
j jniui'f tS 07 }. This method, however, is out susceptible of toy extreme delicacy 
the thermal <*(deity.of the ni*i. ..f employed mu-t meeiiliriiy he smell 
sumpe-p-d with that of the Mlofilneterj. 
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iioiiie' ' by h gas during expulsion, or. in other words, tlw moleoulfts ju e so fur 

JtTy*Y* “™^ Bd irom e»ch other as to he practically out of the sphere of each 

hypotlu'si-. other’s attraction. This is not rigorously the case with ordiimiy gasesj 
which do not accurately obey Boyle's law, but only holds for [ lie ideal 
perfect gii-, to which the [Kinuauent gaws of nature Jipproximate, 
The deviations of ordinary gases from the ideal state have been 
investigated by Joule and Thomson by another method, which wit! 1« 
described biter (Chap. VITL), 

1S&. Fundamental Equation for a Perfect Gas. — We are row in a 

pMition to write rbw n the fundamental equations con Reeling the heat 
supplied dQ b the change of temperature i$ t and the external work done 
^during any elementary Iran ^format ion of a perfect gas, Hince there 
is no internal work, the heat supplied must Ik^ nil spent in changing 
the temperature of the gas and in doing external work. The quantity 
required per unit mags for i he former purpose h where C,. is the 
sped Be heat at constant volume. If (he volume changes by an amount 
dr under pressure the external work will bo pda t and the thermal 
jxh 

7r 


equivalent of this h 
transformation i- 


Ue-nee the whole heat necessary fur the 


dq = CJ9 +■ 


jwlr* 


If *t'H and tv bo measured in mechanical units (ergs), or if plr he 
expressed in thermal unite, the symbol J disappear and for con¬ 
venience we shat) always suppose that the former ay stem is adopted, 
and write the equation in the lumi 

f/Q = C«i/f4 -i yi r, 

This equation, combined with the equation pr - K0 + must furnish the 
go!ution of all problems concerning the variation* of the properties of 
a perfect gas under any stated conditions. 

1 50, Adiabatic Transformations. — When the volume and pressure 
of a substance change while no heat is allowed to escape from it or 
enter it from outside, the transformitioae are said to be adiabatic* 
We are now in a position to determine the relation connecting the 
volume and pressure of a perfect gas under such conditions. In thin 
case, since heat neither enters nor leaves ihe substance, we have 
tlQ = 0, and i herefore 

t | jK*tr= 0 . . s , . . | j 

The problem before us now is to find t he relation between p and 4 - 
that is, to eliminate 0 by mean* of the equation /*=l£0. From this 
equation we have 

■ * ■ m 
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since ii6 = tifr Substituting for it& in (1), uml replacing li Uy its 
value Cj, G r (measured in ergs), we obtain 

Gpjxitf — 0. 

Otj if y denotes the ratio of to tV 



Combining equation (3) with the characteristic equal ion of tlso 
giLi pr= KU S we obtain the adiabatic relations between the pressure and 
tempcmUire, mid between the volume and temperature. Thus 


1 -y 

t#j) If = L-iiJlSl. 


am] 



157. Ratio of the Two Specific Heats oi a Gas. — Until the fierfi ■ 

turn of steam calorimetry by Dr. Joly, no successful measure me til of the 
specific heat of a gas at constant volume was effected. The specific heat 
under constant pressure win* determined by the methods already 
described* and from this the 4 ]>ecific heat m constant volume was 
evaluated by menus of further considerations of the properties of gases l 
ailth, for example ns the formula of Art- 103- for the diET+reuce of the 
specific heats. Another method follow* from the theoretic formula 
for the velocity of sound in air* Laplace showed that the velocity 
of sound in a gas is determined by the formula 



where P is the pressure^ D the density, and y the ratio of the (wo 
ispedfic heats. Hence a knowledge of r f P, and D gives a determina¬ 
tion of y, which leads at once to the value of C r when C F is known. 
By this method the value y - 3 408 has l*een found for air. 

[This method hue been applied by Witkowski 1 to check the remits 
obtained from calculations of the specific heats (Art. 15-1). The 
velocity of sound in air was determined by Kundts method at two 
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different temperature* (0 and - 78 5 C.) and at pressures ranging 
from Itoi^ atmwtphereB. As the above formula of Laplace assure 
air to he a perfect gas, Witkowski used the general formula 



an assumption being made here that the sound is propagated 
Hudi&baticallv', i.c. without any conduction of heat from the compressed 
to the rarefied portions of gp. For notes of high frequency this 
is very nearly exact. A correction wns applied for the effects of 
viscosity and', induction. The results obtained follower! the same 
trend u those got bv the s|«ciHc heats, but the values of y obtained 
by the present method note uniformly a Utile larger. Owing to the 
uncertainty of the correction just mentioned, Witkowski considers the 
values calculated from tho specific he:ii* more reliable. 

The kinetic theory furnishes a method of calculating the value of 
y when the ratio of the internal energy of a molecule of gas to its 
energy of translation is known. Let the temperature of the gas be 
rniseil’ 1* C. at constant volume. The heat required is C> We may 


when tj is the increase in energy in calories due to increased molecular 
velocity,and Q'it that due to increased internal energy of the molecules. 
If the velocity of a molecule changes from to 1 we have 



In the case of a gas whose molecules have no internal energy 
ft = Q t it I id y - $. Kundt and Warburg, by measuring *he velocity of 
»rmnd iri mercury vapour, obtained the value 1*87 for y f and ikunsiLy 
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found for argon Liir*q. and for helium These gases : j irc 

monatomic.} 

[SB. Method of Cement and Desortries, —The adiabatic equation 
pm const. lead* to an experimental determination of y first devised 
by MM. C lenient and DesormesJ A large flask (Tig. 7?) is furnished 
with a very wide stopcock B„ which communicates with the exterior 
uir, and also with a sensitive water* manometer nti. Initially the flask 
A is partially exhausted* &q that the liquid stands at a level a in the 
nianoiuetrlc lube. The cock B is then suddenly opened for a short 
interval, and again closed. During this interval the air rushes into* 
the Husk, and I he pressure within become* equal to that outside ;. the 



tempera Eure * however* is elevated inside in consequence of the inrush 
of air. The tap B being closed, the air in the flask cools, and, as a 
consequence the internal pressure diminishes and the liquid, which, 
jit the closing of the tap B T stood at the hot tom of the lube, now 
rises to a height o'. 

Let the pressure of the atmosphere be p v that of the air in the 

1 ./itifrtttf/ iit Pity*, tir Difamflktri*, njm. lxixix. p* 333, 1319, &4 ftiso Laphc^ 
Mtowiywc C&ttle-, tern, v. p 143, etc. From the m#unrenier>r« of CHiment ««i 
DttOrbieH, Lv^l^cc dfduwd I be valm* 7 —l " 354 . 

t Sulphuric aeiki vdqU lw |e« abject Urtj shift. 

3 The codt«w methd iti which tk pramm within tlir iWk wta initially 
[iiiifi tlint ef ib& *taiOBph*ro^ an I hat an. oiltruah occurred when the tap wt-% 
r»|wi 3 ed T wib brat used by S 3 ay. Lrt^c’ a»d W*1 £ *r, St* G* twitdV inf* 0 / &r n aw i 

C/tf.miMtftf, [ 1 . i&. 
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flask p t before opening B, and ju finally after the- elit has cooled to it> 
original temperature. 

Then, since the first, process occurs so rapidly that it may l>e 
regarded 2 k* adialmtic, we have for the air in the tlisk 

iq and r fl being the volume* of unit mass of air before and after opening 
l-j r Hence* 

v; l*g ' % r 4 ) = leg- l*ff j V 

But since the initial ami final temperature* are the same, 

dime the manometer tube is narrow, the volume of the unit mass of 
the gas w ill not be appreciably altered by the small rise of the liquid 
in the tube. lienee r T ‘r |S = /q p v and 

1flgft-lSgJft, 

togj»i-loiFPi 

the quantities j\ l9 /q, p* being noted, the value of y is obtained. 

This method is open to serious objections, for it is difficult to 
arrange the experiment so that the pressure within the flask shall lie 
exactly equal to the external pressure nt the instant the cock is 
cloned, while at the mo time the operation must be conducted so 
quickly that no ^ondble quantity of heat ha* been communicated by 
the air within to the sides of (be Husk, When the stopcock la opened 
there h an over-rush 1 of air, and an oscillation is set up # that is." 
more air rushes in at tirM than would fill the flaak at the external 
pressure, A buck-nidi then sets in and au oscillation to and fro of 
uir takes place through the orifice. Consequently r when the tap b 
closed the pressure within the flask may lie either greater or le** than 
the external pressure, unless sufficient time has been allowed for the 
oscillatory motion to subside. When the stopcock B is wide this 
inconvenience is to a great extent avoided. Xiy thi* mean* M. 
Kfmtgen a found the value y B4053. 

[A further objection is pointed out by Foynting and Thomson^ 3 
viz. that we cannot assume that w h ben the Atojicoek doses* the air 
which rushes in will have the game temperature the moment after 
introduction ik* the air already in the Husk. It would be much 
more reasonable to suppose Its tesnper.itlire to he atmospheric. If 
we make this assumption, then, when all the contents of the flask 

1 Conn, -Utn. riV Ghimkt ft u fer F tom. IxvL ji. “iOS. 

* Ruiitgeu, ^ A fui. voh CxUifl. p, &BG, J£7tf. 

* * Hcui, p. '292. 
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have acquire?! the original temperature, ihe pressure h the sum erf 
the partial pressures due to the original gas and the air which has 
been admitted. But the original gas at atmospheric lempentture 
chum** jl pressure p l ; and the air admitted, tanking a procure 
when in volume - r rjr1 would cause a pros.^mre p.jV, - f^) > 3 when in 
volume i'j ; thus the resultant pressure /;., is the sum of those, or 
Pi h This equation may he written in the form 


or 


and thus 


e, p t 

4 

*v, j 4 f 

Pq >l + 


= togjs-hw*i log^-lggpi 


3og .' L - ju^; r rj 3o*r r . n - In-sg {Pi + Fl - pj 


•] 


Iii order to secure good result &| dry rur should bo used as well as 
a dry frisk, for the aqueous vapour ordinarily in the a tinea pin; re leads 
to error. A modified form of apparatus has been described by AI. Km. 
Faquet 1 in which dry air was compressed in a flask by allowing 
mercury to suddenly flow in* The mercury entered from below* and 
ita surface was covered with a layer ?>f sulphuric acid to provent 
conduction of boat from the gas through the mercury, Oscillation 
was stopped by a clip on the mercury tube, 

[Another variation of CUunent and Dwormea 1 method was adopted 
by M«sre. Luminer and Priugsheim** The globe A was of copper 
and immersed £n a vessel of water* The temperature of the water 
was kept constant, ami u continual circulation was kept up by means 
of electrically driven -crews, A sensitive thermometer immerse?I in 
the water gave the temperature of Lhe gas in \ and the sudden 
change of temperature on opening the stopcock B was measured by 
a specially constructed bolometer* Only two pressures were measured, 
the original pressure p v and the atmospheric pressure /> a . 

Equation (4) of Art, 156 gives, if 0, and © 0 are the temperature# 
before and after opening B p 


from which, by taking logarithms, and solving for y t 

1 PKjTj£.-l r .fouTTuil dt FkysifjMti trniii. IV- p* ilQ, 1S65. [Another in^ctliijui 
liiodificiitLoii, whiah avottU sevittl i-rrore., is due to S[ r Mancu rrier s Rendu#! 

turih err, p, 130& T tS95)u Tils mafchod Li disuuiLwd ateo in Buck Lngba III r a Thrrmu- 
Etyfuiiifto.] 

Ann. dn Fhvfil\ 1 *L Lrlt?. p. fi& 5 , 1 SS&. 
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The values obtained by several other physicist?, as well its thos# 
which they themselves found. are included in the following table given 
by Lujnmer and Pringdhsiim, Ja& dt ,;— 


DM«fvw. 

Air, 


Carbon 

] k | v L 1 9 »*-_ 

Fi j Jrctttfn, 

kijii^CL - 

19-73 

I -4053 


1 -3052 

1 ItS 52 

lUvAtr . 

1377 

1 4106 




WttUn-fT .... 

1373 

1 405 

... 

1-3004 

... 

ParjBtit + » 

I @85 

vmz 

... 


... 

J* Webster Lcrnv 

tm 

1 -31*63 

•... 

i J m 


LtuheuAT and Piingaheitu 

1994 

1-4025 

1^977 

l -299.5 

1 '4084 

Manta rrler ■ - - 

im 

1 iS9S!6 

■ t-l 

1-298 

HIM 


S 60 h Method of Jamin and Richard. — The ratio y of the specific 
heats has been determined by MM. Jamm and Richard, 1 by means of 
Lhe method of comparison alreEidy noticed (footnote, p. iilH), the ga* 
being heated under constant pressure, and also under constant volume, 
by moans of a platinum spiral carrying an electric current. By 
running the current for a definite time, a certain quantity of heat 
Q may be given to the gas under cither circumstance. 

Let re be the weight, of the gas, and 0 - 0^ the change of tempera¬ 
ture, when the pressure is kept constant Then 

Q=.rty*-tf*h 

ami if with the name quantity Q the elevation of temperature be 
ff - &Q under constant volume, we have 

Hence, 

the ratio of the two specific heats is there lore obtained by observing 
the change of pressure and the change of volume produced in the two 
cases, the initial volume r fl and pressure p t being supposed known. 
These changes are measured by means of a manometer attached to the 
llask which contains the gas. By this means Jamb and Richard 
obtained — for air, HI; carbonic acid. I 29 \ hydrogen, 1'4L 

f Cvmptet Httid* i* p tom. hit jl 336 , 1 S 70 , 
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1, Calculate) C, from the Donation .T(Q^-C r )-K for tfaa mentiouijd iti 
Ks. a* ji. 143, muraming tie value -12/ for J and Renault's value af C^ £p. 2tfQ:«, 
o 1 Assuming tike value 7 = 1-41* caletdate the value of J by means or thb equation 
of Ei. 1 r aj id ILr LfELikll I t r fl value of for air, 

g J Asalimmg like nluM ot-T acid K. Scutate both and Q m from the vquatiou 
of Ev. 1, aui the value 1 41 of 7 . 

I, a certain quantity of a %i# at the fn*ling-poillt in otmpKMd adiabotically, 
h,o that 111 volume is reduced unccesatvely to | r and of the original hulk. Find 
the coriwipoikling changes of temperature. 

{An* C. p 20ti r< O, 42S V C, n respectively^ 

5. If E Iks tho wlnde ntotarolar energy of the mo'lmlw of a gas, and if E, be the 
energy of tniulatioo, show I hat 



rClausiii*)* 


\ AiBura-iuy the energy of a to be all hfisi atwgy, 


jcja^Vp 



pr^jEj 

j»r=HO- 


‘ Art. bh) r 


alienee the above expression follows. J 


SECTION VII 


ON ATOMIC AND MOIhBUUUK THKHWAT. CAPACITIES ANI> THE 
VARIATIONS OP SPECIFIC HEAT WITH TEMPERATURE 


160. Atomic Thermal Capacities — Du Ion ^ and Petit's Law,—In 
considering the aubject of specific boats it is natural to inquire if the 
RJieciflc heats of various substances, simple and compound, are in any 
way related or connected by my general law. The first attempt m 
thb direction was made by Dulong and Petit k in 1819. From ihe 
consideration of the specific heats of a series of simple substances, such 
as iron, lead, gold, silver, etc., those philosophers concluded that the 
atoms of all the simple substances have the same thermal capacity, 
or, in other words, 11 the product of the specific heat bv the atomic 
weight is the same for all the elementary substances*” 

The range of application of tlii* law was investigated by Segnault 
in numerous researches carried on between 1840 and J 862 h with the 
result that he found it held approximately for most of the elements 
which ordinarily occur in the aolid state, if the specific boats employed 
be taken at temperatures sufficiently below ihe melting point. For 
thirty-two of these substances the mean product was 6 38, with 
extremes 6 76 and 5 7, taking the atomic weight of hydrogen ns 
unity. 

That variations from constancy in this product should occur is 
certainly to be expected, if it be remembered that the sped fie heat 
of a sub* lance <k] tends on The temperature at which the (let arm illa¬ 
tion is made, and also on the physical state, whether it is solid 
liquid, or gaseous : and* in the ease of solids, to some extent on the 
treatment and mechanical actions to which it hm been subjected 
Th&# variations will be considered immediately, 

[An approximate value for Oolong and Petit’s toniUnt has Ixen 
calculated by F. Kichani by a method based on the kinetic lheot-%-. 


1 Datong ami JViil, <h Climit tt *• Phns. ■» ^ flim , „ m 

: A**, dtt HRvrit. R<i. IlfiL p, 702, ISPfc S. 1 - nlfi» H. Stnijp,, ’A»» d* 

Pistil, Bd. Irr. ji a?o, iss@. h 
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Iti the case of on element which in tlie solid state obeys Du long 
and Petit 1 !) low, ontl which in the state of gas is monatomic like 
mercury vapour, the total energy of the molecules of the solid element 
ib half kinetic and half potential In the state of vapour the energy 
is all kinetic. But the mean kinetic energy is independent of the 
state of aggregation of the molecules, being merely proportional to the 
absolute temperature. Therefore the atomic heat, and also the specific 
heat at constant volume, is half as great in the vapour as iti the solid. 
This has been shown to be the case with mercury. 1 If t\ is the 
specific heat at constant volume for the vapour, and c t for the solid, 
then <v = -Cf, and using the value given for C, in Art. 157, we get, 
aitico ft - 0 for it monatomic gns t 

According to Hicham, the ratio <y.r, for many metals lies between 
HU and 1*04 in the solid state, so that 

Cj* =4-0) to UTB.J 

161. Extensions of D along and Petit’s Law—Molecular Thermal 
Capacities.—An extension of she law of Uniting and Petit, by which 
the specific heat of a compound might bo inferred from those of its 
constituents, was suggested by Woeatyn, 1 on the supposition that ibo 
atoms, when in combination, preserve their original thermal capacities, 
and consequently that the thermal capacity of a molecule of any com¬ 
pound is equal to the slim of the thermal capacities of its constituents. 
Thus, if there be ■„ etfc, atoms of atomic weights u v w* w 9 

etc., iti the molecule, then the moleculsr weight is 

W = n I r, + i^tr, + ii 3 Wi + t 

arid if tho specific heats of the totsstitnents he ^ ctf r , while t hnt 
i>f the coni pound is s, we hsive under the tuppo^d condition 

In this oquation iry*,. tCA, etc., are the thermal capacities of the 
corresponding atoms, and if these are each equal to the mean value 
5‘3B given by Uulung ami Petit's law, wo have 

W*=().,+«,+■«* . , . )«‘Sfi = <KtSX, 

a formula which has been verified by Rcgnaidt" in thu case of 
metallic alloys, the constituents of which were taken in proportions 

1 Lotbar Meyer* J fodrm? Thf&rkn , p r tO'S, 1S9I. 

- \\‘iv*iytw A uu, dt t.'Kimit *U /"%j l 3* srr.. tom, SJtiiL p. 2$%, 

3 Hc t Tiafi!t, Ann. At- Chimb fi tte Phtp* 3* tmn. i p, IWp JS-ll- 


Nctinuinti'' 

kw. 
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whieli were multiples of their atomic weights. The constant 
was* however, not maintained, but increased considerably when the 
temperature approached the fusing point of the alloy. 

Tlie general equation (I), being supposed established, may be 
employed to determine the specific heat of any element in combine' 
lion with others of known sped tie heats. Tbtia, if all the quantities 
which occur in the equation lie know ei, except s, then the value of a 
becomes determined. By this mean* 11. Kopp J has ah own that, as 
previously Announced by Gamier*® the sped tic heat of water in com¬ 
bination in the various hydrates it the same as that of ieOj that it, 
water substance in the solid abate. 

While investigating the specific heats of coin pounds of the same 
general formula Neumann 1 found that the product of the molecular 
weight and specific heat retrained con slant for all compounds belong¬ 
ing to the Kiine general formula and similarly constituted, but that 
the product varied from one series to another This is known as 
Neumanns law, 

162. Variation of Specific Heats with Temperature, — The con 
side rations brought forward in Art. 52 lead u* to suspect that the 
specific heat of any subatancc may change (either increase or decrease) 
;is the temperature varies* The idea that the specific heat of ;i 
subetanee t* not tho bubs at all temperatures seems to have been 
suggested by Dalton* He supposed that a certain quantity of 
heat was employed In pratlucmg the dilatation which accompanies 
changes of temperature in bodies, and that therefore ns the dilata¬ 
tion for I change of temperature varies, tho quantity of heal 
necessary to effect the change of temperature* must vary also. He 
concluded, consequently;, that the thermal capacity of a given mass 
of a substance varied with iho temperature, but that the thermal 
capacity of a definite volume remained constant. This idea* however, 
was not founded on any experimental investigation of the variations 
of specific heat with temperature* and it can therefore only be regarded 
as a conjecture. The first comprehensive series of experiments on the 
subject were made by Dnlong and Petit/ who found that the specific 
heats of all tho Hub*tracts examined by them increased gradually with 
the temperature* and the general truth of their conclusions ha* been 
confirmed by the results of the experiment* made by all subsequent 
investigators. 

] Living, Ann., SnppItnu nL, vnl, iii + pji* 1 ntj.l a J£H r 

■ Gamier, Compter* ifradiM, tom. nrv T p„ 3£/g, 1H5IL 

J F, Er Ncmuuua, Pnyy, Ann. vnl. isisu \k 1 t 1931* 

4 Du bag and Mt, Ckimi* ft rfr JFhyriqve. 2? ^cr.. toi». vij, |., 147 ^ 

loin, x. ji, o^fi. 
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The majority of solids exhibit only a a mall increase of &{ teeth t 
heat as the temperature rises, until the melting point « approach** - 
Hear the melting point, however, the specific heat may change rapidly, 
especially in the case of amorphous substsjues which pass gradually 
into the liquid slate, as already noticed in Art. 132, A few substances, 
however, show' large variations of specific heat with temperature, ami 
the most noted of these is carbon, which exist* in several varieties. 
Numerous experiments have been conducted from time t« tnm 
on the specific heats of the several varieties of cur bon, chiefly on 
account of the wide deviation of this element from the law of IMlong 
ft ,,4 Petit, The results obtained by different observers are given in 
the following table, and the discrepancies between the several values 
obtained for the Hamc substance appeared to F. Weber 1 to be quite too 
large to bo accounted for by experimental errors or impurities, and 
he considered that they must depend upon some source of variation 
of sped lie heat, such as change of temperature. 


Ohwrver* 

Wbfri 

EhmrnL 

1 !■- f tiflil. | 

lita-phite ^ 

Graphite 

Uubiuml. 

TaHi[irT*t nr* 

luwnM 

! 

i _ _ 

llqjn/nlll + 

0'2tIS 

020:10 

01»17 

0 1^70 

0-1460 

a 

Dc 1 m Kin? 
;llh 1 Man'll 

} 0*3009 




01146 

8* to 14 

K^\\p + 

... 

O'I8& 

0 174 

01W 


uar to lar 

Wtilln^r and 


9*3006 

(HP10 

on m 

0 1-SI.2 

22' fco 70 

Bettendorf 

j * 


i _ 




It may he noticed from the table that the specific heat is less for 
the crystalline variety diamond than for the porous varieties.- and that 
assuming the correctness of the experimental work, those determina¬ 
tions which were conducted at the lower temperatures gave tho lessee 
specific boat, and this suggest* a rapid increase of specific heat with 
the temperature. 

To tost this point Weber executed a careful series of experiments 
at different temperatures with Bunsen's ice calorimeter, and, for 
the specific heat of diamond between 0 and 200 C., deduced the 

formula j,™™.*. 

, = 0-014.7 + 0-000091# - O-OQOQOOaSfr-. 

> F. Weber. P0gg- A»». voL cliv. j>p, M7, 553 ; PMl- vol. xliv. p, 

IgJJL a . ir 

“ Th.it, fl» Dr. Juiy h»iobd«r«d* appsu* to hold far hctm! &$*** crjsUllnw 

&llbfaLMIfcL'V* (PtVCr /tffjT- UoC. VOL ^IL p. 2&0i ■ 
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Utils, at *>00 0. the specific heat of diamond is more than three times 
its value at zero. 

For temperatures above 200 C. the water calorimeter was us*], 
but the experiments were not so reliable. Similar variations were 
found in the case of silicon and boron, so that, although these element* 
seemed at first to overthrow the generality of Du long and Petit's law. 
the largo variations of specific heat with temperature show ns that the 
applicability of the law to any demon I depends on the temperature at 
which the specific heat is determined. 

Among liquids, alcohol appear* to change considerably in specific 
heat, and according to the ex|ieri incuts of [Eint attains a value Ml 389 
at 160 C., which is sujKrior to that of water at 100 C. The whole 
question of variation of specific heats with temperature still calls for 
further investigation. 

The following table contains the results of Regnault’s experiments 
on n ffiw I i< junta :— 


Li^iikl, yriBJi Lily sjf limit y =JuiA, 

of 

Tmpeftwrr, 

Winter - tf + O-DOO03 0 +0^000003#= 

A3uoL&L . . , U te75*y$+QWU2l&F i 4 Q'Ubm'mw' 

E *^o°0 ortiir f K nttMif o iims+ti mmmMP - o 

Carbon biMiJjthidt . + &1 Cff 2 

. . 0-5£SBflff t 

C k kirofo rin . 0 23 ^& i 0 -CHOOOSQ7 ] 1 r 

0" I& 20Q fc j 

- SJ3 to + eG Ei 1 

0“ to W 1 
-Wt*+ -<&- 

- W la- rj^T 
■OO I 04 ffi a 

- f 


The variations in the specific heat of water *i different tomperu lures 
are discussed in the next sec! ion in connection with the determination 
of tbti mechanical equivalent of heat, 

f A senes of experiments was made recently by Xenist, Lindomann, 
and others, in which the specific heat of a number of substances was 
c luter [iiinu< I over a wide r;ieig4- of R i mj>trratl;ir*L :| 

In experiments on metals, the piece of metal, in the form of a 
cylindrical block, acted as its own calorimeter, A wide hole was 
bored concentrically in the block and was filled bv a cylindrical plug 
which fitted closely at the top but left a narrow annular f or 

most of its length, This space contained an insulated coil of 
platinum wire, by mean* of which the block was heated through a 
small range of tempera Hue (a few degrees or lean). The eiierey 
communicated to the metre3 was measure.] electrically, and the 


J ,r t? TT f r" J , ,iL - T’ ,W ‘ * 6 ’ * 3 ® 5 - ftr ether S „ H 

J. H, r.ffl ActihiUioa tt it, ihr Quantum Thtvru ‘,Ph>rs. Sat: »i f J 

tJ.Nl, in which . eh.pt. r i. .... the bests ' Mm ’ 
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platinum wire served also as a reeiatatice thermometer to measure the 
iho in temperature. In the ease of poor conductors (diamond, 
sulphur,, etc.) the substance was hermetically sealed up in a silver 
Vtissol in the middle of which was u wide silver tube round which the 
pi; l1 in link wire was wonmL The cylindrical block of metal or silver 
vessel was suspended in a glass vessel by the two ends Of the wire* 
this vessel being in communication with another containing eocwnut 
charcoal. The charcoal being heated to red 13ess, the glass vessels 
were evacuated by means of a Gaedc pump and the charcoal sub¬ 
sequently cooled in liquid air. By this means a very high vacuum 
wat obtained,, ensuring very perfect heat-insulation. At the lowest 
temperature, that of liquid hydrogen, the specific heat of diamond 
was too small to Ihj measured, its conductivity being at the fame 
time remarkably high. These experiments gave the specific heat at 
constant pressure C r The relation between the two specific heats is 


c„-a 


sr-e 


where A is the coefficient of linear expansion, K the compressibility,, 
an d t 1 th e density (see Art. 545* Kx, 25}. 

At high tcmpcratiire-s the atomic heat (product of the atomic 
weight into the specific heat al constant volume) of solid elements 
was found to approximate closely 10 the theoretical value 5 J D6. 
At low temperature* the value of the atomic heat diminished* tending 
to zero at the absolute zes o of temperAture. W hen turves were 
drawn representing the connection between the atomic heat and the 
absolute temperature, it was found that the curves corresponding to 
different elements differed only iti such a way that they could all be 
represented bv a single curve, provided that the scale of temperature 
on the diagram was different for different elements, 1 he shaj>e of 
the curve is shown in Fig. 71. 

1 63. Debye's Theory of Specific Heats. — li S in the number of 
molecules in unit nutss of a monatomic gas, r its volume, and m the 
mass of a molecule, then by Art, 574 we have 




so that the mean kinetic energy of a molecule is given by 

since Nr a — 1. Now consider the case of a solid element in which 
there are X atoms pei 1 unit iush> tu being the mass of an atom ; and 
mipjrtse that each atom pu^sse* three degrees of freedom and 
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vibrates about its mean position (mo foot note, p. ti4), Then if we 
employ the doctrine of eqmpartitioD of energy, the mean energy of 
an atom is hiLlf kinetic and half potential, and the mean kineth: energy 
is the same as that of a monatomic gas* since the atom in each ha* 
the same number of degrees of fr eedom. Thu total mean energy of 
an atom of the solid is therefore 3R y 0 r Putting a atomic weight, 
m h = mass of hydrogen atom, E - energy of unit mass of sol id h we get 


whence 




ap F — 


n '±K_$K_ 

J fJt* tJi^T 


This result is the same as that of Art, I 6U giving rri_‘= const ^ $"96. 
The variation of the atomic heat with temperature tag been accounted 
for by Debye by making use of Planck’s quantum theory, according 
to which the energy is not divided equally among the various degrees 
of freedom hut according to the law, given by Planck, Since unit 
mass of the solid contains N atoms each of three degrees of freedom, 
the whole unit mass possesses 3N degrees of freedom, that is, it is 
capable of vibrating in :SN different ways, »ad these must be 
classified according to their frequency before we can apply Planck’s 
law 1 . This can be done as follows: 1 — 

Let the unit mass of solid under consideration be in the form of 
a reel angular parallelepiped whose linear dimensions are, p 5 q t and r. 
The vibrations will consist of trains of waves which will be redacted 
at the surface, so that the angle of reflection is equal to the angle of 
incidence. If a, jS, y are the direction cosines of any wave-front, 
then the wave after any reflection will travel in some one of the 
eight directions whose direction cosines are ± a, ± /? t ± y, fr t ur der 
that no energy may be gained or lost at the surface, the distance 
travelled between any two successive reductions must be some 
multiple of IA 1 where A is ilie wave-length. We must therefore have 

2op - \r r *2fjq - llyr-Ji:, 


where s, y. : an 1 integers. From the relation 


we deduce the equation 


: ff J +ir 3 - l 


jp*V 


4r* 

yy 


* Tb© method of talimluiiig che aumbmr qf rihratioru oontapasdibg to a gjv«n 
frvqii-ctriV fr duo to JrAii.-, with a sirnggiAHtion lw Loin* ti l/. {Tlut/nj nr' Eitriftmt 

r- »aj. 
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willin' v is the frequency of the vibration mid V the velocity of w&ve- 
propagation, so that \ — vA. 

Sow, if we change v into r * & we got a similar, slightly larger, 
el lips oid. The number of modes of vibration of frequency lying 
between v and i- + Sr ia equal to the number of points whose co¬ 
ordinates are fugitive integers, which lie within the ellipsoidal shell 
hounded hv the two ellipsoids (i.r. one-eighth the number of points 
whose co-ordinates are integers, positive or negative). Since these 
pot til? occur at the rate of one per unit volume, their number is 
equal numerically to tun . 1 -eighth the volume of the shell- Ihe 

4 

volume of the first ellipsoid is s-.S/^ri' therefore, cilice jsqt r 

4> 

(the volume of unit mass), the number of modes of vibration which 
we nre seeking ia ■irfi-Sr V 1 . In an elastic solid two hinds of wave 
are possible, compressional and distortions!, mid since any distortions! 
wave of given frequency and direction may be resolved into two 
independent rectangular component we nnisi multiply the number 
hv two in calculating the number of diitortional waves. If V, and 
V.. are the velocities of propagation of comp regional and distort ioual 
waves respectively, the total number of possible modes of vibration 
whose frequencies lie between i- and v - fir is 



If v could take «U values from 0 to <#, then the total number of 
modes of vibration of all frequencies, that is, the total number of 
degrees of freedom of the solid would be infinite. This number is, 
however, 3X. Obviously there must be some limit to the magnitude 
of v (or the small ness of A), since the mutter is not infinitely fine 
grained. The special assumption which Debye makes is that the 
frequency may have any value between zero and some finite value 
t- M , Thus wo have for the total number of degrees of freedom 



According to the quantum theory (Art. 2$ S the average energy 
corresponding to each degree of freedom is not t\J > but 

h* 

kwr 

J* i 


2 m 


THEORY OF HEAT 


Cll A.P+ j v 


Tlic tot.il energy E is therefore given by the equation 


~ *„ n I *v 

i ** 


hw 

hti^ j 


rV* 


ft* 

,Hn# „ j 


by relation (1) + And since the exponent of ? must be a pure 
number, hv 1 i D must be of the dimensions of a temperature Putting 
hi fi fl ; 0' r hi L „ R (l =O m the integral transforms to 


F I'-YR, j H -ti Vfj r 

<*:— 
J* r.« - 1 


e r 

If O i* Urge com parcel with 0 Wl e» - I = 0 /0 approximately, and 
the value of E reduces to 3Nli,0 us in the bust article. The integral 
cannot be evaluated in finite terms, but its form shows that wo may 
write 



where/(0 HI 0) is a function E whose value is mto for 0 o and tends 
to unity for large values uf ft Thus we get for (he specific heat 


and 


1 rfK_WR fB^\ 
“ J rfu “ 4 f \ H h 

dCp~fi i 


The value of B m is different for different dements. In Fig. 73, 
the abscissae represent values of 0 8« and the ordinates the corre¬ 
sponding values of/{e* 0), the values given to 0^ being those which 
accord best, with the observations on specific heal (indicated by 
mu.rkH.ji and are given in the first column of the subjoined table. 
The values of 0 tn can, however, be calculated independently from the 
elastic constant* of the elements, and those are the values given In 
the second column of the table.] 


KlflllPllL 

1—---. 

(obttnrftdj. 

(calL'iikE^lju 

Ah] ruin Luna « , 

mo 

3Sfl 

Copper . », 

30P 

320 

Sihi'r + 

SIS 

3)2 

Lead * 

OS 

72 


1 Tllfl vaiu ** of /( 1 31 J Cot11 ! SLI * S by l^fhv e m given in hi* pn |kir t tint fa Jcnai H 4 
/o/.-fi m i'cii t Thsortf of UnjM, ji -124. 
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164, Influence of Change or Density and State,—Besides the 
IlfgA changes of specific heat which occur when a body passes from the 
so!ill into the liquid or gaseous conditions, it is found that other small 



tig. 


n.-VufaUH Wim Tr-ni|n>mtj«L 


variations accompany such alterations jis the changes of density of 
solids canned by hammering. As a general rule, Hie specific heat of 
:l instill is diminished when the density is increased by hammering, 
but hi many cases the changes are negligible- Thus in the cnee of 
steel, lead, and tin t hammering does not sensibly affect the specific 
In-lit, but in the ease of annealed copper the sjweifie heat is reduced 
from O''09501 to 0 0936 by hammering. 

A more marked difference occurs in the specific heats of the 
allotropio varieties of some Hiibslemces. Tints for carbonate of 
calcium in the state of aragonite or spur it is 0 :2085 f and for chalk it 
is O h S148, and for marble 0*9158- 

The specific heat of a substance is generally very different in the 
three suites of matter— solid, liquid, and gaseous, Io general, the 
specific heat ill the solid State is much less than in the liquid, but 
sometimes the specific beat of the gas h very nearly the same a* that 
of the solid. For example, the specific heat of water eh nearly twice 
that of ice or of water vapour. This is shown by the following 
table—- 


[TabL>; 
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SuLI-L 

U<ufaL 

0«M, 

Erwin i Be 

p tr 

0BMS2 

0 10- 

0-06653 

>Vit« . 

4 i 

/0-474 S 
VO-504 | 

1S50C 

0*477 

Hmuiy 


0 0313$ 

0-03432 


r]]OH[rlii^rih . 

■ ■ 

|0 17401 

i o-iSH-r j 

0-2406 


Tin . 

* * 1 

oirc«& 

0-OS37 


Ehiiiulh 

. . ! 

0DS0S 

0-0303 


Lead . 

m r 

o-eaii 

0 0403 

„ s 

IchHup . 

. + 

0*0541 

tfnWfes 


Alcohol. 

■ ■ 

BB1 

0-5475 

U4634 

Bjjmljdiidc of n nr bob 

** “ 

0-2362 

0-1609 

Ether * 

P % 

f» ■ 

0*300 

0*4 707 


For the metals the change of sped tit heat arising from fusion is small 
being of the lame order aa the change of specific gravity. 
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16S. Joule's Experiments.— The development of the dynamical 
theory of heat baa been briefly sketched in Arts. $0*42 from the time 
liF Eiimford and Davy (who first placed it ii|wn an experimental basis) 
up to the HkidilEc of the present century, when Joule completed his 
celebrated cxpotTmciifcfl on the dynamical equivalent, ami forced -the 
conclusions of llurafortl and Davy upon the attention of t he scientific 


Flu- '4 


world. These experiments have been already described in outline 
(Art, 33), but on account of the great importance of the dynamical 
equivalent a# a physical constant* as well ns the fiimljiiuental baring 
of the principle of equivalence in the theory of heal, we shall now 
enter into a more detailed description of the investigations made in 
this department — invest iguttons which would well merit a special atten¬ 
tion if only as examples of the highest class of experimental research. 

m u 
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Of the various methods employed by Joule for estimating the 
value of ihe dynamical equivalent, that which he was finally led to 
prefer to all others was the direct method of simply stirring a quantity 
of water by means of a paddle-wheel—-the work spent in turning the 
paddle, and the heat generated in the fluid by friction, being both 
accurately measured* 

The apparatus employed in these experiments i* shown in Fig. 7 L 
The water wa< contained in a copper vessel AB, which we shall refti 
to ns the calorimeter. The lid of this ve&get fitted water-tight, and 
was furnished with twr> tubuhires—one to receive the axis of the 
revolving paddle, und the other For the insertion of a thermometer, 
which registered the temperature of the apparatus. The paddle was 
made of brass, and consisted of eight sets of revolving arms, which 
worked between four sets of stationary vanes fixed to the frame 

of the vessel* Fig, To represent.-' a 
vertical section* and Fig, 7ft a hori¬ 
zontal section of the calorimeter mid 
paddle, she revolving arms being marked 
a and the stationary vanes 6. The 
axis of the paddle worked freely (but 
without shaking) on its bearings, and 
wan interrupted at d by a cylinder of 
boxwood, which prevented conduction 
of heat to or from the calorimeter* 

The paddle was set in motion bv 
leaden weights r. suspended by living from the roller* W-, bh^ 
of the wooden [adleys a, n, These pulleys were supported hy 
their steel axles r T r. on brass friction wheels dd. dd f dd, dd, The 
weights which set the apparatus in motion were suspended over 
the pulleys by fine twine, which was wound doubled on the 
central roller / T su that the part? posing ove r the pulleys left the 
roller at the same level* and produced a couple round its vertical axis, 
thus avoiding the horizontal ihrust whieb would otherwise be brought 
into play. The roller could be detached from thy paddle at pleasure 
by withdrawing the pin m (hat the weight* could be wound up 
without turning the paddle in the calorimeter. The wooden stool 
ofi which the calorimeter stood, was perforated by a mini Iter of [ru in¬ 
verse aliU cut out in tsucb a manner that the metal came in contact 
with the wow! at only a few points, while the air had free access to 
almost every part of it. In this way loss of heat. 3*y conduction wa& 
avoided! and radiation from the person of the experimenter was cut 
Olf hy a large wooden screen. 
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In nuking ;in experiment the temperatiire of the calorimeter was 
ascertained, the weights were wound up by placing tike roller / in the 
staiurl A, and the roller was then pinned to the of the paddle. 
The height of the weight* above the ground (about 5| feet) having 
bean exactly determined by means of the graduated slips of wood fd\ 
the roller was got At liberty, and nil lowed to revolve till the weights 
reached the floor. The roller was then titipiuued and placed in the 
stand h t while the weights were wound up Again, and the friction of 
the water was renewed. After this operation had been repeated 
twenty times, the experiment wai concluded with another observation 
of the temperature of the apparatus. The mean temperature of the 
laboratory was determined bv observations made at the commence^ 
ment, middle, and termination of each experiment; and previous to h 
or immcdliAtely after, each experiment a test waa made as to the effect 
of radial ion and conduction of heat to or from Lhe atmosphere in 
raiding or depressing the temperature of the apfuirutu*. 

The table on the following page is selected from -Joule's 1 memoir, 
and will siiffidendy indicate the mode of procedure. The leaden weight*,, 
together with the siring attached, weighed 303066 grains mid 20"1086 
grains respectively; Their velocity on reaching the floor was 2“43 
indies jasr second, and the time occupied by each experiment (twenty 
falls) was thirty-five minutes. The tola! fall of the weights during 
an experiment was therefore the sum of the heights passed over in 
twenty falls. 

From Like results of Likin -wth-s uf experiment* ft Wws that, tlw hrsLing ur 

KDallUjt -llWt of the atmosphere upon tlic #p|h*T*tcLfl T^a* Sf'01*54 for tftcb 
tiMTertfite between tlm menu temperature of tln s apparatus anti Lliat uf the air. The 
excess Of L-cmpuratnr? of rhe alrovrr that of tho appAratus wasr-33!29& iu ihe menu 
.ifibc radiaUau ospriiitfriits but only 0^30E0?& in tin? iiidfi of the frietso-cL ex peri- 
nient^ He Li£i> 0 ‘OLKWSU wm added to tiiei ^ k i ffertl^j botwfcca O' R7 625 amS 0 %+ Ol 
md Iho riM-ult, i j>„ 0 3 -5&J0l7; represented approximately Liu.' heating oPffCt of the 
rrieEmu. Tu thisquantity a mnkl eorrectmEL VW applied on Ucuuut uf the mean of 
the temperatures of the Apparatus nl the Iwginliilig *ml riml oF«S*b friction ex peri- 
rmutt having boen tnki'n for the irw nimm t cuikerstorL^ vrhk'li nut strictly tho 
cAt-c, owing to the somewhat kuei rapid incrNLWdf temperature toward* thetenuiua 
Lion of 11 lp es perimolit wlu? 11 Lli u an tr r had Yh&wm warmer. Tbs meau Lent rut Ulc 
ntlhu «p| 4 ratusLn thr friction usr*nmnil* was tbiirifort ftti mated 0“U02IS4 higher, 
which .hniininhfd tin- baiting rlfecl tbn Atmosphere by (TittUPi, and this added 
tu 0 v '^l0i G Ji 5032OP *-H the correct mean inen-a**' uf temperature duo to ihc 

friction of WMLer. Thi* inCimse is i iiklltd iiusntity depending partly oa th* frktiDU 
of the water,, and partly on tike frklrad of tl^o ft-rtl--.il aiboniii pivot aud hr;kritig H . 
Tbs latter* however, uasonly about of the fuiuirr. 


1 Juiilf, /ViiV. Tj (r^Sr IZ»y, fiwt* 11350, pt. L 
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t* 

It. 

lit 

IV, 

V, 

V|* 

VIL 

StL Of Eblii-rliiiMkt 
ftinl Gtmi* or CbMK^ 

Total F*U 
at W-Luhl-d 

tlkTr or 
Ehr- Air. 

metereco 

l^twwn M-tui 

ur v. jiis-iL vi. 
u&lj III. 

T>ffi pfcntMf* Of 
Appmtm 

iiiin iht l.i+« or 

H ‘ At <tuniii; 

oITvinpeittiirr, 

hi Inches. 

InltW; 

Final. 

R I E|H'rElTIFIlt l | 

1, Friction 

1. LuL' 1 Irtt Lu li 

3256 06 

0 

* 

57’rtPS 

57 

- 2-252 
, -2*040 

&5-11S 

55-774 

55-774 
55 882 

0-050 

41-108 ^«aii 

J _jL Friction 

2. It:! 1 lint Lull 

im-ie 

0 

W‘085 

S8-ST(t 

- 1 *75 

- ] ’739 

55*602 

51-fiSfl 

50-53-9 

56*24 

0*57 

0-085 i^in 

5_ Friction 

5. Riulintiflu 

1251 -SI 

0 

* 0-040 

ojmv 

; -o-^i 
0-237 

(10 l 2J2 
fiD m 

00 797 
00 '709 

0*75 gain 
■>-002 gain 

a. K(L>MlLtL'.!lJ 

ft. FriciimL 

0 

1254 -71 

59*75 

53-019 

+ o + ]25 
- 0157 

.19‘BOS 
59 ’7 Hi 

50-795 

00-357 

0-01O So&* 
0*62 gain 

; I T ILnli a t lm i j 

7. Friction 

0 

1254i>2 

:-l« •— 
B0-07* 

- 0^09 

- 0111 

50-077 

00-061 

50*8] 
00 240 

D uu-1 Kitn 
0-548 pram 

i 'JO. Unriiolimi 

JO. Friction 

0 

1 iaei-H 

B0-i47 

BO’611 

1-542 

1 “239 

5S-090 

52-060 

! ".9-oeo 

r.ji-Bsr, 

0*70 (coin 
0*25 gain 

21. Friution 

21, lt-jili.it ion 

t^.54 -ar 

0 

53*54 

5B*27 

0’321 

-Cl-Olfl 

£8*50 

58*10 

58*16 

58-003 

0-566 gain 
0*13 Yogs 

22. Friction 
. 22. IK-l-l 1 L-h 1 Lull 

1202 07 

0 

»■«! 

**■*24 

+ 0-243 
+ 0-505 

58*00 

59”H5 

52-145 

&&-m 

0 ■’542 jjjii n 
0-051 ksi 

MS. Rjul hi ion 

MS. Friction 

u 

1282*98 

55-951 

- O-0ft5 
+ 0*003 

55-759 

55-704 

55 - 7 it 1 
50 *£5 

0 005 fain 
0-561 gjiiaa 

fitB. Rndi*t to-n 

M3. Friction 

0 

12*2-09 

101 
50-1 ¥2 

+ 0 J 2 JO 
+ 0-409 

SB *25 
56*17 

50-317 

50*05 

0 ‘008 Iwif 
0 J 5|M giEin 

40. KcictLuii 

10L Radiation 

12*2-00 
i 0 

56-108 
54-454 

+ 0-100 
+ 0-OJSB 

55-020 

5B-4SH 

50*88 
54‘402 

4 r 55B gain 
0‘QO4 gain 

Mt-iin FrLctioi. 
tieau Il« ■ 3l hti hi-11 

I26024S 

0 

1 

-0-005075 
- 0*22050 


0*7 5256 j^ai n 
0*12975 gain 


The total thermal capacity of the apparatus with the water non- 
t .dried wa^ equivalent to that of &7480'2 grains of water, m that 
she total quantity of heat generated by friction was 0*^63909 in 
this weight of water, or 1 F. in T'842299 lbs. of water. Now the 
weights amounted to 4-0G152 grain?, and from this a certain de¬ 
duction must be mode on account of the friction arising from the 
pulleys Bind the rigidity <if the string, Thb wa* found by connecting 
the two pulleys with twine pacing round n roller of equal diameter 
to that employed in the experiments Under these circumstance* the 
weight required to \n* added to one of the leaden weights in order 
Sik maintain them in equable motion was found to he 21+TTi grains. 1 

1 TJse SB55 givsii ip Memoir U prolubij a miApHhE. 
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The same result, in the opposite direction*, w;is obtained hy adding 
3U35 grains to the other leaden weight. Deducting 1G8 grains (the 
friction of the roller on it* pivots) front 3005, the mean of the fore¬ 
going numbers W <J have 5837 grain* a* the portion uf the weight 
expended in friction of the pulley* and string. This Aubtrauted from 
the leaden weights leave* 403315 grains as the weight available for 
the generation of heat in the apparatus. 

A correction has &ii!l to Iho applied on account of the velocity ]>o*- 
scssed by the weight* when (hey reached the floor. This velocity w-it* 
2‘I"2 inches per second,, ami is equivalent to a fall through ml altitude 
of 0*0076 inch. This multi plied by 20 (the number of falls in each 
experiment) gives 0152 inch, which, when subtmeted from the mean 
total fail, I2E0248, leaves 1260'0i6 inches a* the Lorrected height. 
This fall of the above weights is equivalent to G05EHG6 lb*, falling 
through a height of 1 foot, and to this i> added 0 81G I 2^ 16'928 

foot-pounds as a correction for the elasticity of the strings which 
come* into play after the weight* have reached the ground. 

The mean corrected result was therefore 6067' 114 foot-pounds 
as the work spent in raising the temperature of 7 r 8 J 2230 lbs* of 
water ! F., and this gives 773 , G4 as the dynamical equivalent of 

heat in the latitude of Manchester, 

In Joule's second and third series of experiment the fluid cm 
ployed was nporcury, the apparatus being constructed of b’Op+ and 
somewhat modified in other respects, to suit the purpose. In the 
fourth and fifth series the heat was developed* not by fluid friction, 
but by means of a bevelled cast-iron ring rubbing against another 
bevelled non ring in mercury. The following table contains the 
final results of these aerie* of experiments, ihe fourth coin inn giving 
the values when the weighings arc made in a vacuum :-■ 


No. 

Of*ri-3tl5L 

■ifrriiL 

in Air. 

£si Vacuum. 

Hi-Ari, 

\ 

2 

3 

4 

5 

Witcr 

M*reury 

Cwt’lr *m 

pH 

773*040 

na-res 

774+343 
7t&-m 
iwm 

772^2 

jr2^14 

775-2R2 

776W 

r$^m 

772-«&2 
j 774 “OM 

}■ 774-9^7 


Of these results, that derived from the friction of water was con¬ 
sidered bv Joule as the most reliable, both otl account of the number 
of experiments performed* and the great thermal capacity of the 
apparatus. And aiuce, even in the friction of fluids, it was impossible 
to entirely avoid vibration and the consequent expenditure of energy 
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in hqiukI, Joule thought it probable that the number T72 J &92 was 
slightly too large, ami therefore adopted ihe round number 772. 
It must be remembered, however, that the unit of temperature 
employed bore is the degree on the mercury thermometer 1 employed 
by Joule, and that the specific heat of water h taken as unity at the 
temperature of each experiment. 

At the request of the Hritish Association Joule B executed a new 
series of experiment^ which he completed in 1&78. In this in¬ 
vestigation the arrange meat of tbe apparatus and the principle of 
the method employed for measuring the wort differed irom that 
adopted in the earlier experiment*. The calorimeter, h (Fig. 77), 
instead of resting uu a fixed stool„ was suspended by a bearing on 
the vertical axis of the paddle, so as to be capable of rotating freely 
about it. With this arrangement, when the puddle nuts set in motion, 
I ]lo friction between the moving fluid and the walls of the calorimeter, 
m well jis that which occurred at the bearing, produced a couple 
tending Uj turn the calorimeter round the vertical axis. The rotation 
of the calorimeter was prevented by an equal and opposite couple 
produced by the action of a fine silk cord, which pissed round an 
accurately turned groove in the surface of the calorimeter. The end* 
of this cord were thrown over tw o light wooden pulley*, yj, and were 
attached to wale-pans, it, l\ which contained weights sufficient to keep 
the calorimeter in equilibrium/ 

The whole apparatus was contained in a massive wooden case, tnt, 
which was divided mm three compartment*, and permanent!v boxed 
in on three sides. The fourth side or front was dosed by shutters 
furnished with window*, which could be removed at pleasure. The 
paddle was kept in motion by means of doubling Im rid-wheels, dr t 
and the vertical shafts K which carried a Hy wheel, / {weighing about 
1 cwfc), wai supported by a conical collar turned on it -at r. The 
hydraulic supporter, r, it\ was not employed in the initial stages of the 
investigation; but as irregularities were found to arise from time to 
time from the variations in the friction of the bearing which supported 
the calorimeter, the supporter, r t ir, was deigned, ihut the pressure 
on the hearing and the metallic friction were almost reduced to 
zero. Thin supporter consisted of two concentric vessels, r and w. 
The lid of the inner vessel was surmounted by three uprights, and 

1 A a efiw uf l per cent mar ari>q from want of c&qjpurLBon of thr. nunnrv 
[hcnuomutijr with die air £l jennamv itr. 

3 Jon Eh, f'hiL Tmtu. font. Six.* l*y* t pt, H. 

n Thei principle of thia method, which m aldnd vf friction Ulnm-e, deigned 
hy liLria ( Thn^r Mtewiqw iie U Chafrur, rH w |,, p . M( j WlM aubjw^ntlv Vwd 
by HowlanU aih] other*. 
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when water was poured into the space between the veasels the inner 
Homed up, so that the uprights pressed against the bottom of ihe 
calorimeter, and the pressure on the hearing was thus relieved. 

The calorimeter is shown in section in Fig. 78, and in plan in 
Fig. 79. There were four stationary vanes mid two sets of rotating 
vanes, each of five arms, the upper set (dotted lines. Fig. (9) being 
fixed to tile axis 9 behind the lower set, so that no two of the rotating 



vanes passed the filed ones at the same moment, and as the momentary 
alteration of resistance at erasing took place forty time* during 
each revolution, the resistance was practically uniform. The axle 
of the paddle worked easily in the collar m, and wu screwed into 
the boxwood piece n. The boxwood piece a (Fig. 77) was introduced 
in order to prevent, conduction of heat along the axis: but this 
precaution was found tp bu unnecessary. 

in making ud experiment the erforimoter vae filled with e known 
weight of distilled water, and screwed on to the axis, hs temperature 
was noted, and the silk cord adjusted. The thermometer wan then 
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nmoYftd, and a caoutchouc stopper placed in the mhiilurc. The 
axki wna then rapidly brought up to a speed sufficient to raise the 
wetght^ about ] foot from the floor, and they could Fe kept verv 
steadily in this position during the whole time of an experiment 
(33 minutes), The wheel waa then rapidly brought to real, and the 
temperature of the calorimeter again noted. 

The work spent h determined by knowing the number of levolu- 
Iiuijh and the moment of the couple required to keep the calorimeter 
in equilibri um. Thus, if if demotes the sum of the euapended weights^ 
arid r the radius of the calorimeter, the moment of the couple I curling 



i^lLop fcnd PltQ HKf lh* frtatikmtcr 
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to tllm A* vessel is f cr, SO dint in turning through nn angle 0 the 
work iluin: is wr9 t or if n lie the number of revolutions the work is 

W-^haTh 

In calculating n, the number of revolutions of the mis when the 
weights were oil the ground was added to half the number employed 
in the acts of starting and stopping the apparatus The re volutions 
of ths axis Here registered by a counter at >j (Fig. 7 7). 

I he results of fi ve set.- of experiments by this method arc collected 
iu the following table. In the first two sets the hydraulic supporter 
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3846 
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5116 

77 4 'fu 

3 

21 

A 

1 


39-BS 

773-134 

4 

6 

1 

a 

J4"35f« 

5S"H 

764-07 
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was not employ eel, and the metallic friction at this String of the 
Cjklorimetir was a copidemblo fraction of the whole. 

The mean value deduced for J at the Temperature of 60 F. woe 
7?S'^69 foot j founds at Manchester, This reduced to Greenwich and. 
the sea-level becomes 7 73*49^ or ivben the weighing* are made in a 
vacuum Use value of J at GU R is 77’2 So. Joule's results, corrected 
by comparison of bin tlicnnonieters with one of Howlands, ami for 
oilier error* (nee Arts, Jo -nut 166), gave She value {at 12 J 7 C.) 

J^=77S‘Bw 

166, Howland s Experiments. In 18711 IVtfe.-sor Rowland,* feel¬ 
ing that Joule** work required to be extended in some directions. and 
completed, undertook a careful and elaborate series of experiments on 
the value of the dynamical equivalent ut " -7 onluV work the 

experiments were turtle only at the ordinary tern jjern tores of the atmo¬ 
sphere, and the mercury thermometer* employed were not standardised 
by comjKiri&oii with the air thermometer* Error* of I ur 2 ]^r cent 
may arise from this cause in calorimetric work, for oven between 0 
sind 100 a difference of several tenths of a degree may exist between 
the mercury mid the air thermometer. 

The principal defect of Joule's plan of experiment* however* h the 
small mie of rise of temperature* and Professor Rowland, in designing 
his apjiaratuH, aimed at procuring a large change of temperature in a 
short time. This involved the expenditure of a considerable power, 
and necessitated the use of a steam-engine, combined with an accu¬ 
rate method of measuring the power supplied. 

The apparatus finally adopted is. *Ih>wii in Fig. 80 . In principle 
it resembles Hina's friction balance and the apparatus employed by 
Joule in bis final experiments- The calorimeter was attached to a 
vortical shaft aft, and the whole was suspended by a torsion wire. 
The axis of the paddle left the calorimeter through the bottom and 
was attached to the shaft c/, which was kepi in uniform motion by 
the wheel r/ driven by a steam-engine* To the axis trl an accurately 
turned wheel kt wiw. attached, and the couple tending to turn the 
calorimeter was measured by weights e and y r attached to silk Ujks 
parsing around the circumference of this wheel, in combination with 
the torsion of the suspending wire. To this axis also a, long arm was 
attached, having two sliding weights q and r, by means of which the 
moment of inertia could be varied or determined. The number of 
revolutions of the |Kiddle was determined by means of a chronograph 

1 It, A. Howlanib /Vi,.-- Jwfrttyra Juathtup of .frAi and Varr*. Scries, 
vnt vii, 187 (MO, 
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set in motion by a screw on the shaft #*/. On ibis chronograph h-*s 
recorded the tmnait of the mercury over the divisions of the thermo- 
meter. A water jacket fn T made hi halves, was placed round iho 
,calorimeter, so that the radiation could be estimated* and a wooden 



Vi Kr NO. 


box surrounded the whole and screened the calorimeter from the 
observer. 

When the paddles were la motion, the couple tending to turn the 
calorimeter wai balanced by the weights % p, and the equilibrium wj*s 
rendered liable by the torsion of the suspending wire. The amount of 
tomm waa read off on a scale on I hi! edge of the wheel ki f and ihii 
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gave the correction to bo applied to the weight# o. /■- OneobwrYor 
constantly wad the circle kl, and another recorded the transit# of the 
mercury over the scale divisions of the thermometer- In this manner 
a v'lrirji of observations, extending over the s|iuee of half au hour to an 
hour, embraced a rise of temperature of from lo to 25 , in which a 
record w made for perhaps each tenth of a degree, and contained 
several hundred observations frum any two of which the dynamical 
equivalent of heat could 1 h! obtained. 

The correction for radiation is inversely proportional to the ratio 
of the rate at which the work is done to the rate at which the heal k 
lost, and this for equal ranges of temperature is only A as great in 
these experiments as in Joule’s, for Joules rate of increase was only 



0 -fS2 0. per hour, and in these experiments was about 35 C,, and could 

1>e increased to over 45‘ C. per hour. 

The calorimeter and paddle arrangement was mow complicated 
than Joule's. The number of paddles was increased so that there 
should be no jerk in the motion, and that the resistance should lie great. 
Their shape was also such as to cause the whole of the water to run 
it, a constant stream past the thermometer, and to cause constant 
exchange between the water at the top and bottom A section of the 
calorimeter with puddle is shown in Fig- 81, and the paddle is shown 

aepamtelv in Fig, 8SL * 

To a steel axis a stout copper cylinder was attached by means ol 
stout wires. To this cylinder fom rings were attached which sup 
ported the puddles. Each ring had eight laddies, and was displaced 
through a small angle with reference to the one below it. so that no 
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one [Kkddle came over another. By this means rhc rCHhtance whs 
rendered con tit mom mther than jerky. The lower rows of [Kiddles 
were, turned backward^. so that they throw die water outwards and 
kept up the circulation. Around these movable [Middles were the 
stationary vane*, consisting of five rows of ten each. These were 
attached to the movable paddles by bearings at ihe extremities of the 
shaft, and were removed with the latter when it was taken out of the 
calorimeter. These outer paddles were fixed In ihe calorimeter by 
fmir so town so as to be slat ion ary. 

Two apertures were made in the cover of the calorimeter—one to 
receive ,l thermometer, i-s m^Is the other fur filling the ve**si with water. 
A copper tube* perforated with large holes, descended from the ther¬ 
mometer aperture, almost to the centre of the calorimeter. The ther¬ 
mometer wm contained within this sieve-like tube* with its bulb at a 
short distance from the centra of the calorimeter, with the revolving 
paddles outside it and the stream of water circulating around it. 

If D denotes the diameter of the torsion wheel, then {[k 20G) the 
work done during u revolutions of the paddle in 

W — ri^idX 

Hence, if the temperature rises by an amount £0 (corrected for radia¬ 
tion) in the time occupied by n revolution*, the value of the dynamical 
equivalent will be given by the equation 

C&8 r 

where C is the thermal rapacity of the calorimeter aud the water con¬ 
tained. 'Co reduce thb to absolute measure* we must multiply bv 
tj = y-7^009 - 0"050B hsn-A where A is the latitude of the place. At 
Baltimore the value is it 9‘SGOu in niches per per *ec. 

Tlio cn-Ttwtionj lobfl appind iin?—(1) For weighing in ajr, which uaiist >«;■ applied 
[o iv add C ; ifp denotes the deadly (if aEf Under the giveu condition*, thh rorrec- 
tiuii amount'd to - Q-ttbp-. ffi) tVr the weight of tin- tip* by which the torniue 
w^Lglita wen an.^ mh {; thEs luncmnttri 0? OWfJ ir. ft, For ihe csjwbsion .>f die 
tin-dan wheel ; if 1> J he LU known JinmeUa 1 a| 20', then it* riEiuuefr-r at any other 
U-tUjHMuture # wtia IV ■* Ol»O01«lr(# 20). The corrected furnniU was then 

J ~ # cj!« 1 ! + °' EKM]0 3 W +0 ^ } - 

Owing 10 the rapid ri*r of tanrf *-ttt lire (generally shout 0’0 per tuiuu it) lh«- 
correction fur rad*Aline w*« j.ro|rfut innately smalL This correction wu O'OuU^ per 
niiftUlc, where fi 1 U the ditf«lt*nra uf tampi-rat'ire htfcwwii the calorimeter and it* 
jacket. Thi- lUllPQPts to \ per cent for I0 n 7 a imd lo i per cent For f^urtalh 

the calninicLcit **» than till-jarki-t at the LH3t.« L -t, and ho ah elevation &f^0 

could be obtained in the lotoperatvire of the calorimeter without 4 tnte of correction 
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of mow tluiti 4 par cent at wj iwiol, Afld -mi artragc wmctionfif W thuia i*r 
ctm t T Ad crroronO percent WM Llicnfom r>-ij»ir.-4 in t!ie estimation uf [lie 
lo prcdow an aVrng? error uf I m &00> or .Hi error of 1 in 250 flt a *i Ugh paini* "Iw 
radiitiud ffl-rrHctlun was GSlinibtM by allowing tha ie*k>riTH*icr to CiHll while the 

judrtl™ von flow!y iuroe-1, the Work done (wing for. The of ^nt 

(daeed under this ltud Iwlmln cobdutfiDu ntid convection t? well n* 
proper, jiili I were in win tip n* follows :• 


Omim-llqTi ahiPg ali*fl - 

■omn 

>i t* 

suiptioding wit** 

*00004 

True radiation 

. 

'00017 

Coiifpctiai) * 

, * . * ' - 

ooioa 

ToUS „ 

r , , 

'001 JO 


Among throorreclfitu.s to b* nppllwl <■' tbe t«ni|HTPtUHMie*ii off frt.fi tl.« t].- r- 
imHMtW thnt sHuntf from the Rnc^ttol temjwrjitliri of the*tow «■* the «re»tcst slul 
maa t difficult to osl Lsiiiiti'- The other WJTWtton* arise in fuT^-urr on llie bulb, i<>» 
ductimi the ete.ii, wnl the f*t tliflt the thennmnetor i* fllwfly belli ml the 

calorimeter u» the tern peratur,- ol the latter ebonjjvC. 

The following table givea Professor Btnrlantfs results in gramme 
nioiroa at Bjihsmuro 


u 

H 

3i 


II 
|| ; 

Ei|f|!YLl* I JlL 

1! 

=r □ 
<1 


3 

i2& A 

“vi 

427*2 

27 

425-5 

0 

420'5 

17 

42723 

214 

4250 


42fl-tf 

i IS 

420’S 

20 

4 25 5 

s 

i'^-Q 

! i* 

420(3 

30 

425’0 

0 

ItS'B 

20 

420-4 

31 

425^ 

)0 


21 

42(5-2 

32 

42S'0 

T l 

43&-S 

22 

12(5-1 

113 

425 "7 

12 

42S’l 

23 

42S^ 

34 

1257 

]y 

427-$* 

24 

425*0 

35 

425 r S 

14 

427 7 

25 

425* 

a* 

425-S 

15 

127-1 

2A 

4357 

— 



To reduce to latitude «( ilan-hclef uni llerllu O'l. mu* Lr atlb- 
tmeird, and for L"-riT i ^ 0-"4, 

lid 1*97 ;t scries of comparisons was undertaken at the Johns 
HmSdn* University between RowUmTs thermometers, three Tonnelot 
mercury thermometers standard^ :u the Bureau Intomatkraal, mA 
tv C<tl1 endiir-GriHiths plntinttm thermometer- The result hits been a 
recalculation of Howland’s figures. In the following table the mines 
,.f the mechanical equivalent are given in organs caknktad by Dr. 
\V. ft, 0a v’- 1 Boirland's old v-iluttfi ure nlw given in ergs for the salu 

of compiriflon.] 

I Pkii. Man., July JS®8. KcwUad * hgam wtft sleo recultroUtod W W«Wa*r 
.■md Mallory, toy*, itt, vel viii., lbl»9- 
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For the sake of comparison with hia own determinations* Professor 
Rowland also reduced Joule’* results to ttie air thermometer and thv 
latitude of Baltimore, m in the following table: 1 — 
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426-7 


Combining these results, he deduce* the value 12 6+7 fi at 1 !*■(> 
C, from Joule's experiments, arid 427*52 from hia qwil The 
difference amounts to only 1 in 550, and might arise from variations 
in the specific heat of water. 

167. M3culesou + s Experiments.—M. Miculesflu 2 has also adopted 
the friction balance method of determining the dynamical equivalent 
of heat. In the investigations of Joule and Professor Rowland tht* 
axis of the rotating paddle wa* vertical, patssing through the lid of the 
calorimeter in Joule’s apparatus and through the bottom in Professor 
Rowlands. In ihi: apparatus adopted by M, MicuJegcu, un the other 
hand, the axis of the paddle was horizontnl. The work was supplied 

■ Proe- .Smrrtrtm. Afutl. nf Aria nnr{ &ti*nct3 r ful, nit « Kcw Series! pt. 1. p. n T 

1£50-81. 

a BL C. Miaul^n* Jan, Af VMmitti 4c Ptqpiy\*s Y p> spr., lom, xxvn* p. 202, 
October 1892- 
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|,y 11 motor supported on a wooden which was suspended from 

a honiontal axis, round which it could swing freely; and ihb axis 
coincided geomotricdly with the rotating axis of the paddle. With 
tliis arrangement the suspended frame, when tin; apiwratns was in 
motion, tended to incline itself to the vertical in a direction opjmsite 
to that of the rotation. It was brought bach into its position of 
equilibrium bv a couple of known moment, and a ho motor thus played 
the part of its own dynamometer, the work being measured as before 
(p. ->96). 

Tim heat generated was measured by tin? method of datimmry 
ttmprfithtrt. Around the calorimeter (which was fixed independently 
of ihe oscillating frame), and through the water in which the paddles 
turn, a current of cold water circulated in sueli a way that the tempera 
lure of the calorimeter remained fixed. I he heat dsviiojM'd in any 
time was consequently determined by the weight of water which passed 
through the apparatus in the same time. 

The calorimeter wns composed of four concentric cylinders—the 
exterior pair of brass, and the interior pair of copper. The interior or 
first cylinder contained the revolving puddles, and the exterior or 
fourth was covered on the outride with fell 1 em. thick. I lie first, 
second, and third (Winders were insulated from each other by pieces 
of ebonite; and, while a current nf water passed through the space 
between the first and second, the space bet ween the second and third 
contained air, and the s|Hice between the third and fourth was filled 
with water, and formed a water jacket. 

The difference of temperature of the wntcr on entering end on 
leaving the calorimeter was measured by means of n thermo-electric 
couple, one junction being situated in the entry and the other in the 
exit tube, "The radiation correction was negligible. 

Taking the specific heat of water to be unity bet wen 10 ant I 13 
c. t the mean result of these experiments gave the mini tier 436*7 ; or 
when temperatures were referred to the hydrogen thermometer, the 
nrftiilt Waft 

Tin- aulvantngft efrinux] for this invest igntion is that all the measure 
merits art made liv the Hit If method.. 

|Reynolds and flloorby's Experiments*—IVofcuor litzytiolfia 
aiml Mr; Moorin' 1 have determined iht- mechanical equivalent of the 
mean tbuim&I unit between 0 and 100 L- r on & very lar^c scale, w ith a 
FW idfl-lteynDldi’^ hydraulic brake and a stentn^iigiiie of 100 hor**- 
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paw-fir. This brake t* practically u Joule calorimeter, ingeiuouely. 
designed \o churn the water in such a manner a* to develop the 
greatest possible resistance. The admission of water at 0 C. to the 
brake was controlled by band tn such a manner as to keep the outflow 
nearly at the boiling pointy thf quantity of water in the brake required 
to produce a constant torque being regulated automatically, as the speed 
varied, by a valve worked by the lifting of the weighted lever attached 
to the brake. With 300 lbs, on a four-fool lever at KOt) revolutions 
[ier minute, the rate of generation of heal wus about t % kilo calories 
[Xir seconds In spite of the large range of temperature, the correction 
for external buss of haul amounted to only 5 per cent with the brake 
uncovered* and was reduced to less than m I per cent bv lagging. This 
is the special advantage of working on *50 large a scale with so rapid a 
generation of heat. But, lor the same reason, the method necessarily 
presents peculiar clifikuUicE* which were not overcome without great 
Stiam* nT painH ami ingenuity. The principal trouble arose from damp in the 
WTOrj lagging, which necessitated the rejection of several trials, find from 
dissolved air hi the water, causing loss of heat bv the formation of 
steam. Next to the radiation loss, the most uncertain correction was 
that for conduction of heat along the I-inch shaft* These losses were 
as far as possible eliminated by combining the trials in pairs, with 
different loads on the brake, assuming that rhe heat loss would be the 
same in the heavy and light trials, provided that the external tempera¬ 
ture and the gradient in the shift, as estimated from the temperature 
of the bearings, were the same. Ike valuer deduced in this manner 
for the equivalent agreed a? closely as could bo expected* considering 
the impossibility of regulating the external condition of semperature 
and moisture with any certainty in an engine-room. The extreme 
variation of results m any one aeries was only from 7 # 6‘63 to 779^46 
foot-pounds, or less than 1 per cent. This variation may have been 
due to the state of the lagging, or it may have been partly duo to the 
difficulty of regulating rhe speed of the engine and the water supply to 
the brake in such a manner as to maintain a constant temperature in 
the outflow* and avoid variations in the heat-rapacity of the brake, 
Since hand-regular ion is necessarily discontinuous, the speed and the 
temperature were constantly varying, so that it was usalesa to take 
reading* nearer than Q J \ F< The largest variation recorded in (he 
two trials of which full details are given was 4 9 F_ j M t wo 
in the ontfIuw temperature, and four or five revolution* per minute on 
the epoed- These variations, m far as they were of a purely neekforiial 
nature* would be approximately eliminated on the mean of a large 
number of trials, so that the accuracy of the final result would be of a 
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higher order than might 1 h? inferred from a comparison of separate 
pair* of trials. Great jia.ina were taken to discuss and eliminate all 
the sources of constant error which could he foreseen. In a H heavy 
trial 1? the dynamometer was adjusted to a moment of 1 200 foot-pounds, 
and in a |S light trial p! the moment w;is gene rally GOO foot-pounds* 
although six trials were made with the moment at SOQ foot-poLinds, 
The results of these last differ slightly from those with GOO foot-pounds. 
This might be merely accidental* or it might indicate some constant 
difference in the conditions requiring further investigation. There can 
be no doubt* however* that the final result is the most accurate direct 
determination of the value of the mean calorie in mechanical units. 
As it was only necessary to determine temperatures in the neighbour¬ 
hood of 0 and 100 C* the results arc almost independent of (he 
imtnrc of the temperature scale, as all temperature scaEea must be in 
agreement at the two standardising points, while the range was su 
great I hat an error in measurement at either end of it would have but 
a small effect. 

The value of the mean calorie between 0 and 100 C. a* deter¬ 
mined by Reynolds and Mobrby is 4T833 10 7 ergs. 

The experiments of Reynolds and Moor by do not furnish us with 
the value in dynamical units of the standard caloric at In C_ or any 
other chosen temperature, Nevertheless they are of great value an a 
lest of the accuracy of the indirect tie terminations of ihe mechanical 
equivalent by the electrical method, which we shall now describe, 

169, Later Elect deal Methods. — The elecirical method of 
determining the mechanical equivalent consists in heating a given mas* 
of water through si known range of temperature by immersing in it a 
wire heated by an electric current* and measuring the heat energy 
communicated to the water in terms of electric units. This method 
was tried by Joule* but was regarded by him m less trustworthy than 
t he direct process. The reliability of the result* obtained by it depends 
not only on the care with which the actual determination is carried 
out* but also upon the accuracy with which the electric units employed 
have been measured. The equation* (omitting all corrections) ex¬ 
pressing the heat-energy required to raise m gramme* of water through 
M in electrical units arc 

Jpji 

where C is the current* R the resistance of the wire, E the E M.F, 
between its terminals, and f the lime in seconds. If these are 
measured in amperes* ohms* and volts* J *ill be the number of jvnU$ 
(1 joule = 10" erga) required to raise a gramme of water 1 U. We sec 
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here that it is only necessary to measure \ re-) of tile quantities E p C, 
R in order to obtain an equation for J. A choice of three methods is 
thus at oar disposal* 

In the experiments carried out by Principal E. H. Griffiths 1 Band 
R were measured, The obvious difficulty lies in the measurement of 
R ■ because. unless measured actually during the progress of the heating 
experiment, it is necessary to know the temperature of the wire imd 
the temperature-cocfficient of its resistance ; am] iis temperAture h md 
that of the surrounding water. To obviate I his difficulty Griffiths 
made a series of subsidiary experiments which were designed to give 
the difference in temperature between the water and the wire when the 
former was at a known temperature arid an E.M.F. of known strength 



was applied to I he latter* The resistance of the wire was then 
measured at a known tem jurat ore and Its temperature-cOeffici<ult w r as 
also measured ; therefore* when in the course of a heating experiment 
the temperature of the water was read, the resistance of the wire 
could lie calculated. 

Griffiths's apparatus consisted of a platinum wire (diam. G’OIQciil, 
length 33 cm., resistance about G* ohms) coiled inside a cylindrical 
calorimeter, ® cm. in height and £ cm. diameter, whose water equivalent 
85- This wire was heated by ft current from storage cells. The 
terminal* of the wire were maintained at ji constant difference of 
potential by balancing against sets of Clark cell*; and, while the 
temperature of the water in the calorimeter was raised from 14 to 
2ft (J-* the time varying from forty to eighty minutes, observations of 

1 FhU. Tran*, |». 3$l p A p 1B&3* 
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the tompdrature uiwl timti were made every degree. The E.M,K u&ctl 
varied from that of three to *ix Clark call*. Experimenia were made 
lining tlifTertiiit qufuititias of water i mid by taking hi the 

energy and tho heat produced in the flifferetit rajiny errors were 
elinnnated^ and the water-eqtuvalout of the iHtlorinieicr disappeared 
from the equation. 

Fig. 83 shows a suction of the constant temperature chamber in 
which the caturhueter wa* ^suspended by glass tubes. ABC Is n Surge 
steel vessel with double walls, the iiTiiiiiilftr space (printed bbvck in tigiitv) 
being filled with mercury which k connected with it gna-regiilat^r by 
the tubs P. The steel vessel stood in a huge tank filled with water, 
w r hicli was rapidly stirred by the paddle Q, A small stream of water 
Wowed eontimionsly into t he tank, the excess parsing away itt \\. 
The temperature of the incoming water was eon trailed by the regulator 
which was governed by the m^of mercury (exceeding 70 lbs,) within 
the walls ABC. A very constant temperature cotih! thus be maintained 
within the steel vessel. The ajfcico between the calnrimetei anti the 
steel walls was thoroughly dried and the pressure reduced 10 le*a than 
I niui. 

Griffiths found that most rapid and thorough birring of the water 
was necessary In order to secure consistent or satin faultin' results. 
He designed a most efficient stirrer which made about ^HJOO revolutions 
per minute, the rise in temperature produced by the stirrer n I one being 
in, some eases equivalent to 10 |Hir cent of the whole work spent in 
raising the temperature- The necessary correction, owing to this, was 
ascertained by a series of preliminary experiments. 

The thermometer used by Griffiths was a Micks mercury ther¬ 
mometer which had been compared with a Callendar-Griffiths platinum 
thermometer and with a Toouelot thermometer standardised at the 
Bureau International. 

Not long afterwards Professor Schuster and Mr. Gun non 1 made a 
determination of the value of J in die neighbourhood of 19 C„ 
measuring the work done in tornis of E, C, and (- 1 ha wire heated 

by the current was insulated from the writer by shellac varnish; it 
was made of platinoid and was 760 ems, long and of about 31 ohms 
resistance. The stirring was so slow that, its heating effect could be 
neglected. Radiation errors were minimised by making the expert 
ments of short duration (10 mbs.) and using a small rise of temtsrature 
(about 2 : -2 C.). The mean current was measured by the amount of 
silver debited in a silver voltameter, and the rise in temperature by 
a Boudin mercury thermometer which was directly compared with a 
* /Vitf, JYtfH#* p* 41&, A, 1E&5. 
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Tonnelot thermometer standardised at the Bureau International. The 
result obtained vis 4 T91 joules per caloric at 1& L C. 

The method depend tag on the measurement of E and C was also 
used in a series of experiments carried out by Professor Callendar and 
Dr, Barnes, 1 but the mode of procedure wa* essentially different. Fig, 
84 shows the form of the calorimeter. A steady current of liquid 
flowing through a fine gloss tube, 1 or 2 nun. in diameter is heated 
by a steady electric current during its passage through the tube, and 
the difference uf temperature Stf between the inflowing and the out¬ 
flowing liquid is measured by a single reading with a delicate pair of 
diffcrented platinum thermometers. The difference of ])oteniinl K on 
the central conductor is measured in terms of a Clark cell by means of 
a very accurately calibrated potentiomcter T which serves also to 
measure the current C by the observation of the til (Terence of potential 
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on a standard resistance U included in the circuit. Neglecting small 
corrections, the general equation of the method may be stated in 
the form 

EC( — + H, 

M being the total mass of water which has flowed through in the time 
t and H the heat-loss due to radial ion, etc, 

Thu advantage of this method is that ail the conditions are steady,, 
an that the observations can he pushed to the limit of accuracy and 
seneitjvene&s of the a pparnt us. The water-equivalent of t he calori meter 
is immaterial, since there is no appreciable change of temperature. 
The heat doss can be reduced to a mini mum by end using the flow-tube 
in a hermetically scaled glass vacuum jacket No stirring is required 
if the tube is sufficiently line and the velocity of flow adequate. The 
conditions can be easily varied through a wide range. The heat loss 
H, which is very small and regular* is determined anil eliminated by 
varying the flow of liquid and the electric current simultaneously, hi 
such a manner as to secure approximately the same rise of temperature 
for iwo or more widely different values of the flow of liquid. 

The range of temperature was generally from S to 10% in the 
series of experiments on the variation of J p but other ranges were 
tried for the purpose of tearing the theory of the method and the 
application of email correct ions. The tbemometera were read to the 
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ten-thousandth part of a degree* And the difference weis probably in 
nil ease* accurate to 0 001 C. This order of accuracy could not 
possibly have been attained with mercury thermometers under the 
conditions of the experiment Another advantage was that there waft 
no question of lag of the thermometer <$- 

The chief source of uncertainty in the results off all ihesc expert- tfumuioty 
monts lies in the value n^uiucd for the E3f.F. of a Clark cell. The ^ 
tisnailv accepted value, l'4342 volte at 15^ C. p is derived from the work E.M E 
of Glazebrook and Skinner. J^atcr experiments tend to show that 
this value is too high. Mr. K- 0- Kinjj 1 obtained the value I'4334, 
and Professors Carhart and Gtlthc 3 the value 1 '4333 volte, both at 
15° C. The following table, 3 calculated on the old value for the E.M-fc\ 
is given for the sake of comparison. 

Capacity foh Heat of Water in Joules vm l C, 

(Nitrogen* Thermometer) 


Srnmr, 

JI^EUi>J- 

WUn daai*. 

At IS" C, 

At HQ r C, 

i&alc 

Howland 

Griffiths 

1 Schuster ami 
l Gtti nun 

E P C 

41»1 

4'18tt 

Clark celt = 1’4844 4*lM 

fCkrk ml)4340 

\ Ag.-O'ooms 

ri$0 

4 l^J 

4 190' 

j CaLU'adiir 
( unci Bnrne* 

e; c 

Clark cel) = l‘4341i 4‘1W 

4‘IH4 

Strictly, 4 % l#0frjwileft*t C. 


It will be seen here that the results of the electrical methods are 
all a little higher than Rowland's result. If we adopt the value 
1-4334 as the voltage of a standard Clark veil at In & f it would 
bring Callemlnr and Bar ness result into dose agreement with Rowland's. 
Griffiths 1 *, and Schuster and Gannon's values would still Im si little 
higher. This may perhaps be due in the ease of the former to the 
difficulty of eliminating all constant errors such as might ari*o in the 
estimation of the resistance of the wire and the bent-loss by radiation* 
etc,, and in the caso of ibe latter the value assumed for the electro¬ 
chemical equivalent of silver has been questioned. On account of the 
doubt a* to the true value of the K-M.F. of the Clark cell* I mfeesor 
Gallendar prefers to estimate the value of the mechanical equivalent a* 

J Call* brUr T FMl Traits fre «V. " Fhytical «l- I* 18W ' 

" Thi* tMe is taken (with slight alteratkin) (iom Griffiths* Tfur™** Sftniurt 
mnf &J J&ur^, 1M1. 
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follows . 1 Thu experiments carried out by Barnes between 0* and 
100 a (see Art. 171) show that (whatever the absolute value of J may 
the) the mean thermal capacity of water between 0 and 100 " is 
1 0016 times its thermal capacity at 20 C. Taking therefore the 
value 4 1833 of Reynolds and Moorby for the mean thermal capacity 
between 0 and 10<T, wo obtain 4-179 as the value at 20 . Again, 
Rowland's value at 20 , corrected to the hydrogen scale by W.S. Day 
(see Art-. I GO) is 4 "161. Taking the mean of these two values as the 
most probable, we get 

3 caK&ric = 4 -1 BQ joules nt i!0" C, 

The value at any other temperature may now he determined from 
the curve of variation given by Barnes, thus 

I MlMif -4184 joules at W U. 

J70. Various Methods of Determining Ihe Dynamical Equivalent. 
—Of the various method* of determining the value of the dynamical 
equivalent of heal, the method of Huid friction and the electrical 
method are up to the present the only ones which can lay chum to a 
high degree of precision* In addition, however, to tliesc accurate 
investigations many others have been carried out by methods of con- 
siderable intereet though of less precision. 

An indirect method depending on the theory of gases hits been 
already noticed (p. 277) ; but this method is at beat very imperfect, for 
a small error in the determination of the ratio of the specific heat* will 
produce a considerable change Sit the value of d r Another method, 
depending on the assumption that all the work employed in compress¬ 
ing a gas in spent in raising its temperature, has also been adopted. 
In applying this method Joule- forced air into a strong receiver kept 
under water in a calorimeter, so that the heat developed during the 
compression could be measured by the change of temperature of the 
calorimeter. The work spent during the compression was easily 
calculated on the assumption that air obeys Boyle** law throughout 
the range of t he experiment (Ex. 3, Art. 321), and the materials for ihe 
determination of J are thus 41 hand. Instead of compressing the gas 
and measuring the heat developed, the reverse process may be em¬ 
ployed, The ga* may be first compressed into a receiver, from which 
it can be subsequently allowed to escape into the atmosphere, and the 
cooling produced by the expansion against the external pressure may 
be measured* Both methods were employed by Joule, who obtained 
823 and 79$ foot-pounds by the compression process, and S 2 D, 8 l 4 f 
760 by expansion. 

1 Abcp* firU, tenth edition, arL (i Oiluriniptr^." 

^ Jew Is, Pkil i/fiff. 3 ni Scrit.% vo|. x%n\ ti l£ 4 $ ; Seitatijic Paper, ^ 172, 
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Before any inference can lw made as to the equivalence of the 
work done and the heat develop'd in such a process, it must be 
ascertained that the whole work is spent in generating heat, and that 
no part of it is employed in altering the slats of the substance, or, in 
other words, in iloing internal work. For this reason Joule felt 
compelled to execute those experiments (p, 26tl) by which he proved 
ttun no appreciable internal work is done during the compression or 
expansion of a gas. The only reliable mode of procedure, therefore, is 
to adopt a method in which the state of the substance is the same at 
the end of the operation as at the beginning This holds good m a 
fluid friction methods which are consequently numb superior to all 
methods depending on compression, or expansion, or percussion. 


Ffr, K5. — ICirn i F^YViUdhro A|fpw*iH^ 


\n interesting determination of .1 by estimating the heat developed 
by permission in a mass of lead was made by Him.' Lead was chosen 
because it is highly inelastic. It is for tins reason that when a leaden 
bullet strikes a target <or is struck), nearly all .lie energy of motion ,* 
converted into heat. In addition, lead when struck yields but little 
Bound, and its state is not appreciably altered by hammering, %\**Uc 
bodies, on the oilier band, when they collide, rebound and regain a 
largo proportion «f their original energy, so that hut little heat is 
generated by the impact. The apparatus devised by Him is shown 


A cylinder of iron A A weighing 350 kilos was suspended, with 
its aX u horizontal, by two imins of co«H which compelled it to move 
i Llirti, ciV lit Vhakur, torn, i- f 1 * ^ Srd 
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m a vertical plane with its ft sis always horizon tat. This cylinder was 
used sis the ha turner or instrument of percussion. The anvil .MB w»s 
a large prismatic imtss of atone weighing 941 kilos, and suspended in 
the same way m the hammer. The mass of lead D to he operated 
on was emfponded between the two, and the face B of the anvil 
adjacent to the lead was cased nil h iron to receive the blow. 

In making an experiment the hammer was drawn back by a tackle, 
and the height to which it was raised was accurately measured. It 
was then let fa]] upon the lead, and the recoil of the anvil was 
registered by a sliding indicator which m pushed back and then 
remained w situ. An observer also noted the advance or recoil of the 
hammer after the blow, and from these data the work spent in per- 
mission could he easily calculated. Before the blow was delivered the 
temperature of ihe lead was taken by inserting a thermometer i into a 
cylindrical cavity made in the mass, and immediately aftor the blow 
the mass of lead was removed and hung up by two strings provided 
for the purpose, so thru the axis of the cavity was vertical. This 
cavity was immediately filled with ice-cold water, which was stirred 
and tho rise of temperature noted. The value 42b gram metres was 
obtained by Him in this manner, which is remarkably good con¬ 
sidering the nature of the experiment, The following details will 
illustrate the method: 


iMj^fciX of fill] of liammeir 
Krcoit of Wmmor 
>i of 4n*il f 

Weight of lend 
TraijH-rnttdre UfOM blow 

.. foil* miniite-i After 

.i fliRbi in inn tea after 

r± of Kir , 

Weight of ttalor hi cavity 


1'lftJni, 
0*67 m. 

Q im m. 
**48 k gi 

7 a *m 

112**1 

11-75 

8"*6 

O-OIM kg. 


Aei indirect tn 11 hod depending on the theory of saturated vapours 
rArt. ,146) bus also been employed, but on account, of the difficulty 
of experimentally determining the densities or specific volumes of 
saturated vapours, this method m better suited for the calculation of 
vapour densities from the knowledge of the value of J than for the 
calculation of the latter quantity. 

f he heat developed in a copjwr disc when rotated in a magnetic 
field also furnishes a method of evaluating .f, but the heat hst while 
the disc is rotating and while it is being transferred to the calorimeter 
must lead to uncertain corrections. Tins method was used bv M Violle 
in 1870. J ' 


[An ingenious mode of measuring J, which should he capable of 
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giving Accurate results, has been devised by MM. Bailie and l^ry. 1 
A uniformly rotating magnetic field i« produced by mean* of poly* 
phase alternating electric currents. Within the field is placed a 
copper cylinder balanced on a vertical axis, and surrounded by 
water. The cylinder tends t© turn with the magnetic field, but 
is held stationary by a couple which is accurately measured. The 
product ot this couple into the number of revolutions of the magnetic 
field represents the work done in producing eddy currents in the 
copper cylinder. This work is spent in heating the copper, and the 
heat produced is measured by observing the rise in temperature of 
the water. As the temperature rises the couple diminishes owing to 
increase in resistance of the copper, hut this difficulty could be got 
over by employing the steady flow method, which, moreover, could be 
arranged so a* to ensure proper mixing. The point in favour of this 
method is that, while i< possesses the advantage* of the electrical 
method, vet the work done i* measured in mechanical units, thus 
avoiding the uncertainties in the electric measure roe n t s. ] 

Other methods, such as the steam-engine experiment# of Him 
(p. 4G>, and those of Ed In ml on the expansion and contraction of 
metals are excellent aft illustrations of the dynamical theory, but they 
cannot be regarded as possessing any accuracy. The chemical action 
which takes place in a voltaic battery or in a voltameter also furniahe# 
a method of evaluating J. 

The dynamical equivalent of heat- has also been determined 
experimentally by the change of temperature produced when a liquid 
escapes under pressure from an orifice, or when a liquid is forced 
through capillary tubes. By the escape of water under pressure H irn 
found the value 133 grammetres. and by forcing water through a 
piston perforated with small boles Joule obtained the number 7<0 
foot-pounds. The table at the end of this chapter contains the results 

obtained by the various methods. 

171 . Specific Heat of Water.—One of the most important re¬ 
searches in the whole range of calorimetry i« the accurate investigation 
of the variations of the specific heat of water, especially between 0 
and 100 J C, If the unit of heat be defined as the quantity neces¬ 


sary to raise the temperature of unit mas# of water from 19 » to 
20= 5 C.. then if the thermal capacity of unit mass be tint the same at 
all temperatures, a ml if the variations with temperature he not known, 


1 Ctantpto /frnyffai*, tom. eiivL p r 199&* 

* [Uh Ick th* uiirttBE 1* ainUHwiil*] thfl couple will mil fa* qmUt 

eorotmt. Thu will not matter b«««w© u tb* wiitum would b* aan 
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it would bo necessary in any experiment to start always with as mutt 
water in the Calorimeter at 19 '5 C, as would just attain the final 
temperature, of 20"'5 G f The quantity of water employed (together 
with the equivalent of the calorimeter, etc.) would then represent the 
quantity of heat given out by the immersed body an cooling from its 
initial temperature to 2Q D -5 C. 

The direct inode of investigating the variations of the specific heat 
of waiter is that adopted by the earliest experimenters on tit is subject 
(Dv Luc and Flange rgues) p namely, by mixing known weights of w ater 
at different temperatures and observing the temperature of the mixture. 
By this method Fbiugergues 1 found that the specific heat of cold 
waiter was slightly greater than that of warm water, ilk riiown by the 
following number^ temperature being in degrees Reaumur: 

^ (wins cif water ju 0* 1 jart nt SO gave R. 

2 par!* u f Water at 0" + 3 parti at m z gave W ■fll R. 

] pnrt of tfitrr at 0 -f- 3 ^rt» at 90" gave 59" 9? R. 

It does not appear certain, however, that duo precautions were 
taken to guard against Mm arising from radiation and evaporation, 
or to correct for the thermal caj^icity of the calorimeter. 

The drat experiments of any accuracy were those of F. E. Neii 
mann, 2 who found in 1831 that the specific heat of water at the 
boiling point was about 101 27 times that at 23* C The nest experb 
uieut^ were those of Kegnault H in 18-10, from which he deduced that 
the mean specific heat between 15 C, and 100 C. ? oompared with 
that between KF and 15° P was from 1 "00709 to 10039. He further 
extended his researches to temperature* above the boiling point, and 
found that the results of hte experiments at tempera turn up to 230 c C. 
were represented by the formula 

*=i + o -Mieoj & + o-oo(Ktotro^ 

l his formula Indicates a gradual increase of specific heat as the 
temperature rises, 

Somewhat later Pfaundier and Platter 1 supposed that thov had 
discovered important variations in the specific heat of water iu the 
neighbourhood id the temperature of maximum density. They 
estimated that it fell from unity at zero to G"9o 12754 at 1 and 
then increased gradually to I 1933497 at G % and afterward* fell 

3 {iuolnL by Jtuulihii, fV«. AiiUtitan Acfri*my of Art* <i tai ^'c-rVji^-r* vn] vii 

p r m p IS 79 -S 0 , XUm 

- ISeummn, Fogg, Ann. v*L xxRL p. -io, IS3I T 

3 BetfuMlb 4** Es^ritnc**. krnu I v , 7^- or Hrt» r/p VAtadfmv 

iff* Aeirtu-jrSi tom.. x\i, 

4 J’fiiiintll.raw) l J l»li* Fl /V w , j*„. voL cat. p. ; vol. call, j,. 5 J 7 , 1570. 
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to 10729772 at 10 C. The method of mixtures was employed, but 
almost immediately afterwards it was show n by the investigations 
of Him, M well as those of MM- Jamin and Amaury, that no such 
variations occur. The method adopted by Him 1 was excellent and 
ingenious in design, but difficult to carry into execution with accuracy. 

It consisted essentially in supplying equal quantities of heat 11 
•riven mass of water when at different temperatures, and observing 
the change of temperature. The method by which the equal quantities 
of heat were supplied was by bearing a large water thermometer, 
w ith a metal bulb of about 200 e.c. capacity, and then immersing it 
in the calorimeter till the column in it* stein fell through a certain 
interval, when it was at once withdrawn. The change of temperature 
of the calorimeter by this communication of heat was only about 
1 or 1 3 C., and the chief difficulty was to estimate this change with 
^curacy. In the method * adopted by .1 am in and Amaury 1 the water 
WA « heated by the passage of an electric current through a spiral of 
wire immersed in it, and if proper precautions were taken m the 
observations, and due allowance made for the variation <>f the re 
sistntice of the spiral with temperature, the method should 1* capable 
of giving excellent results. The formula deduced a* representing the 
results of their exjxjriment was 

1 4 O'OOl IflsO-WJOOOl^- 

This formula indicates a gradual increase of specific heat as the 
temperature rises, but the amount of variation indicated is exceedingly 

hS Tho first experiments of sufficient accuracy to discover the true 
nature of the variations of the specific heat of water were those 
made by Rowland in his exhaustive determination of the dynamical 
equivalent of heat. If it be assumed that the value of the dynamical 
equivalent, determined by means of the friction of a liquid of assumed 
constant specific heat, must be the same whatever the initial tempera¬ 
ture of the liquid, then if variations in its value arc observed when 
the liquid is used at different temperatures, these variation* twist I* 
attributed to changes of the specific heal of the liquid, to operating 
through a wide range of temperature Rowland found that the values of 
J obtained at different temperatures indicated that the specific heat of 


1 Him. Qomptc* tom, lix. pp. BSl. 1S70. 

? The tUthdUT ®m**tlsg equal cf heat is twoeitomneto. by tnewe 
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wjitor fell to a minimum til about 30 C. Tbit is, that ihe specific 
heat of writer did not grail natty increase from aero, but that a gradual 
diminution occurred up to about 30 C., and then a gradtial increase 
set in, ibis puiut was further tested and placed beyond doubt by 
actual calorimetric observation* of the most careful nature, tile 
apparatus employed for this purpose being similar to that designed 
by Begxiault (Fig. 62) for the determination of the specific heats of 

4-242 
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100 


0-990 
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liqtiids. ^ The results obtained by the dynamical equivalent apparatus 
are, in Howland's opinion, of surjxissing accuracy (sec Art. 1(56), 

The work of Row land has been confirmed by Kartell and 
Stracciati , 1 who find a minimum value of the specific heat at 20 ' C 
[The researches of Dr. Barnes with the apparatus described in 
Ml. 169 afford perhaps the most reliable results as to the variation 
of the specific heat of water. According lo his determinations the 
s|H-eific heat attains a minimum value at a temperature of ;i" -5 
The accompanying curve shows the character of the variation. 
Appended below is a table containing the values of the specific heat 
m different temperatures in terms of that at 20 as unit. This table 
was given by Prof. GaDondir.- 
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Tliu same method was applied by Barnes 1 to determine the 
variation of the specific heat of mercury with temperature, using the 
mercury itself to convey the current. He gives the formula 
«*=-033458-(10™ ■003^)10-*- 

A very careful series of observations on the variation of the IsiAin* 
specific heat of water between 0 and 100 C. wits carried out by 
Ludin 2 under the direction of Prof. Fernet, using the method of 
mixtures. Great attention ww |iuid to the thermometry, thermometer* 
of the Paris type being employed, with the usual precautions. I he 
experiments 're re arranged to give a rise of temperature oi 11 to 
1 $' and the results were closely concordant, ihe values obtained 
indicate a minimum at 25 and a maximum at 87". It is not at all 
certain, however, that the method is free from constant error*. Prof, 
Calendar think* that the rapid rise in value of the specific heat from 
25 to 75 may possibly be due to radiation error from the hot*watar 
supply, and the fall between 90" mid 100 to loss of heat by ovaporfl- 
tion of the nearly boiling water on its wav to the calorimeter. These 
sources of error could not occur in the Callender-Barnes method, nod 
besides the range in the latter was only 8" to 10 , so that the results 
would he less affected by the variation between the limits of ium[*wa- 
ture in any one exjierintent, it should be noticed, however, that 
Liidin’s result* agree very well with those of Barnes except at the 
higher temperatures. 

172. Choice of Thermal Unit,— The question of the choice of a 
thermal unit is a somewhat vexed one. Since the specific heat of 
water varic*, the eojflrif will not be fully defined unless we specify 
the particular degree of temperature through which the unit mass of 
water is to bo heated. In Art, 21 we have adopted the range 19 o 
to 20-5, which amounts to taking the specific heat of water at 20 r C. 
m the unit of specific beat. The temperature 4' to 5' was commonly 
adopted sotuu years ago, but there is no advantage in selecting the 
temperature of maximum density of water ; indeed, the temperature 
of minimum specific heat would he a more natural one to choose, as 
the value is here practically constant over a considerable range. But 
the paramount consideration is to choose a temperature at which the 
value of the dynamical equivalent is known with the greatest certainty, 
and the best determinations are those which have I teen carried out at 
ordinary temperatures- Many physicists are it. favour of choosing 
15 C. as the standard, and it possesses the simplification of Wng a 

a Iini. A**oc, Etpi p. 53D a 

* Jabelbanrl Afr naiurfor*cA**dt* fJtirfltckvjt, Zurich. 
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temperature to wliicli several other physical incasitremenis nr c referred. 
Principal Griffith* recommends the calorie between 17 and 38° d aa 
l>eing equal to the mean calorie between 0 and 100 . Prof, Calendar 
adopts -0 Cl and suggests that the calorie he defined, not as the 
bent required to raise 1 gramme of water from 19* 5 so 20' *5, but 
as the mean value between 15 and 25‘ of the quantity of heat 
required to raise ] gramme of water L , Thin it because all calori- 
metric measurement* practically involve a range of several degrees, 
and the menu caloric between lo and 25 is nut very different from 
the mean between 0 and 100 which is sometimes convenient. The 
unit proposed by a committee of the British Association in iBH r 
namely, the value of the calorie at such a temperature as would make 
it equal to 4 200 joules, is, sis Prof, Calleiidar remarks, merely on 
absolute unit in disguise, and leaves the actual temperature Uncertain.] 
The specific heat of & saturated vapour ie discussed its Chsip r VIIL 
-See. Y. t and the ease of a non -ituratcd or superheated vapour is 
noticed in Art, 200, 
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CHAPTER V 


CHANGE OF STATE 

SECTION I 

FUSION 

173. Normal Fusing Point.— When the temperature of a solid is 
gradually raised, a stage is reached at which tho substance (Hisses into 
the liquid state. For each crystalline substance there is, generally 
speaking, a definite temperature at which, under given conditions, it 
(Kisses from the solid to the liquid state, or rice remo, 1 hat is, when the 
temperature is above this point the substance exists in the liquid slate, 
and below It in the solid state. This temperature is called the fusing 
point (or the melting point) of the substance tinder the given conditions, 
and is such that when the temperature of the solid is rising liquefaction 
occurs here, and when the temperature of the liquid is falling solidifica¬ 
tion sets in at the same (joint. Thus at d C, ice ms Its and water 
solidifies under the pressure of one atmosphere, and 0 . is said to be 

the normal fusing point of ice. We say the normal fusing point, for 
ci run instances may occur, as we shall see later on, under which water 
may not solidify even though its temperature i# considerably below 
1 > J C. Similar abnormal results are presented by other substances, the 
liquid state often persisting at a temperature considerably below that 
at which the substance ordinarily sol id i lies. 

In the case of iee the melting (mint is distinct and sharply marked. 
There is no perceptible difference of temperature between the melting 
solid and the liquid into which it passes. At 0 C. water subs tame 
can exist in three very distinct forms, either an a hard solid, a mobile 
liquid, or an attenuated vapour. It is very different, however, with 
many other substances. In the case of fats, wax, glass, iron, and 
other amorphous substances, there is no definite point, sharply marked, 
at which it can be said the substance melts. As the temperature of 
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the solid rise* the substance becomes more and more plastic. It 
gradually attains a semi-solid viscous condition, in which it possesses 
i] either the properties of a solid nor of a liquid distinctly. The process 
of fusion h gradual, and the body passes by no sudden transition from 
the solid to the liquid state. 

This gradual passage from the solid to the liquid state is 
characteristic of amorphous bodies, whereas those which crystallise on 
sol id iff cation have in general a definite fusing point at which the: 
substance may exist simultaneously in the two states. It is only solids 
having a crystalline structure that have a definite melt lug point* and at 
other tempera lures only 01 io of t lie sta tes is stable. At th is tern perature 
the molecules arrange themselves in the regular order which determines 
the crystalline structnre. 

Iu amorphous bodies on the other hand, there is no definite 
arrangement of the molecules at any temperature, the amorphous 
condition of the solid form* a continuation of the liquid state as far 
as want of regular molecular arrangement h concerned, ami such 
substances have no definite melting point. 

f 74. Laws of Fusion, — The general laws w hich govern the pheno¬ 
mena of fusion and solidification may be summarised as follows: 

i I) For ii given pressure the temperature of funion is fixed, and i* 
thu same as :1m t of *o \idiScat Eon, -uni consequently, while fusion (or 
solidification) i* taking place rhe leinpemturc of the whole muss 
remains constant. 

(2) During fusion heal i> absorbed by she substance (latent heat), 
and an equal quantity of heat disengaged during solidification, 

ITS, Surfusson “ Unstable Condition* - A liquid which has a 
definite freezing jH>int that is, one which crystallises on solidifying, 
may, if carefully and slowly cooled, be reduced to a temper at lire much 
below the normal freezing point without solidification setting in. This 
nnoiiiLiloti* condition i-s however, unstable, for if the over coolod liquid 
lie disturbed, or if a small piece of the crystalline solid be placed in 
contact with it, *olidilkuiiijii at once *et« in and continues until the 
temperature rises lo the normal freezing point. 

Thi* phenomenon of purfu&ion* as it i* termed, was noticed as early 
as 1721 by Fahrenheit* 1 He found that a glass bulb filled with water 
and hermetically sealed remained at a temperature considerably below 
the freesiiigpoint without solidification potting in, hut e hat nr> breaking 
oil the stem solidification *et in with rapidity. Gay-Lussac 5 also 
ubsonrd that water placed in n vessel and covered with a layer uf oil 

* Fahrenheit, Phil. ?Vrtju r voL sswiia. \k 7S, 17'H. 

3 r^V-Lussn Ann r h Chi wit, 2* a.-rur, tail. ItilL p* 363. 1536. 
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remained liquid At l- C. t hut u flight fibake was sufficient to 
solidification. Despretz k observed the same effect in capillary tubes 
Hi led with water ; and it is perhaps for this ffia»c that at low tempers 
lures the sap often remains unfrozen in the capillary vessels of plants. 

This properly t« not peculiar to water. It may be observed in 
ns an y other substances when the tooling is conducted caul ions ly- Iti 
the case of melted phosphorus cautiously coded below the freezing 
point, a fragment of amorphous phosphorus is found to Ihj inactive in 
producing sulicHHcution T while a fragment of ordinary phosphorus at 
once starts congelation. The introduction of a fragment of the solid 
is not iit general necessary to set up solidification in the 1 over-cooled 
liquid. Mechanical actions, such as the vibration caused by the 
frict ion of a glztss rod against the hot tom of the containing w-uftel, 
indices in general to initiate solklihcation. 

As soon as solidification s^ets III there b an evolution of heat, and 
the freezing continues till the heat evolved is sufficient to bring the 
whole mass to the normal fusing point. I utlher solidification will now 
cease,. u id css the substance continues to lose heat by radiation or 
otherwise. 

Tbh property has been utilised by M+ beriM ■ and others to 
determine the normal temperature of fusion. The liquid under 
examination is cautiously cooled to a temperature below the normal 
fusing point. Solidification is then exciuul, and part of the substance 
■itpurates In the solid form, the temperature at the same time rising to 
that of normal fusion. [ Isis is noticed by means of a thermometer 
placed in the substance. 

M. Ihifour 3 contrived to cool small spherules of water to ‘iO" C. 
without solidification- The method adopted was similar to that 
employed by M. Plateau In the study ol the equilibrium of liquids 
relieved from the action of gravity* Small droplets of the liquid were 
suspended in another liquid of equal density and lower freezing point. 
The suspended drops were thus heed from the action of gravity, and 
floated freely in the bath as spherical globules. In this manner M. 
Dufoui succeeded in reducing to - 20 n C. the temperature of water 
droplets suspended in a mixture of chloroform and oil of sweet 
almonds. The temperature of similar drops was also raised as high a* 
178 C, without boiling, white dro 1 J» of liquid sulphur wore reduced 
below 0 C. in n solution of chloride of zinc, and in a water bath drops 
of iiLvphtlutiene were cooled to 40 C. 

i Draprtuflg, Omjtfr.j JfrimfMJ. toiib. V. 1-. V-K iSifT. 

m ci( tojjj. v+ jl "il2. 

1 Dufcur, 4nn. d* Chiink, 3* aerie, torn* liviiL j.-. $7% 1BS3, 
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In tho*e experiment* the over-cooling of the drops is more easily 
and securely obtained the anuitldr their diameter s s, ami the over-coolod 
drop* at once solidify when touched with a fragment ■ >f the wild. 
They also solidify when touched with a solid of different material; in 
thia cascp however, the solidification does not appear C-ij he so certain, 
and the act ion probably arises from local agitation of the drop, 

Similar over-cooling of email water drops may occur in the 
atmosphere, and if this happen* the experiments of Dufonr throw light 
upon the formation of hail, hoarfrost* otc. T whether in the atmosphere 
itself or in contact with the surfaces of other bodies. 

176* Fusion of A Hoys. — Alloys formed of two or more metal*, 
although they obey the general law* of fusion, posses* the peculiar 
property of fusing at a temperature generally lower than the melting 
point of any of the constituent metals* Thus an alloy of 5 parts of 
tin and 1 part of lead fuses at 104 Q, t and Rose’s fusible metal, which 
consists of 4 parts of bismuth, l of lead, and 1 of tin, melt* at 94 6 C. 

Similar results occur in the ease of mixed salt*. Thus a mixture 
of the chlorides of sodium and potassium fuses at a lower temperature 
than either condiment, ami a mixture of equivalent quantities of the 
carbonates of sodium and potassium melts at a temperature below the 
fusing [mint of either, and is used to facilitate the fusion of certain 
rn it lends in chemical analysis. 

In most oases, however, alloy* melt like amorphous bodies. There 
is at hr*t a general softening of the whole mans. As the temperature t* 
raised the meet fusible comUiMicnt melts first, and if it is plentiful in 
the alloy it liquefies the whole masa, but if it i* present only in a email 
proportion it* liquefaction only brings the mass io the party condition 
of an amalgam ; so that complete liquefaction i* only attained w hen the 
melting point of the ku fusible constituent is reached. If the liquid 
substance he now gradually cooled, the temperature is found to fall til) 
the met ling point of the leu fusible cttutltuent is reached. Here it 
remains stationary till the solidification of this part i* completed, the 
latent heat of liquefaction being at the same tune evolved Tbi* 
completed, the temperature of the now' more or less pasty mas* 
gradually falls to ihe melting point of the more fusible part of the 
alloy. Mere the temperature again remains stationary till complete 
solidification ie effected. 

End berg, 1 to whom these observation 4 are due r found that in the 
**“ of il mixtlire of lead and tin the lower fixed point remained 
stationary at 1ST 5 , whatever the proportions of lead and tin. The 


L - ttudberg, vfan. vci], jviji. | f _ jmq.- ra p 
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higher tixeil point „ ort ihe other hfuid, depended oti lh^ pfopdftion n( 
the constituents. It approached the lower fix^d point, and finally 
coincided with it the composition of the alloy approached the 
formul a PbSnp in wluch case there ifi only a ssingle fixed point, and 
the fusion uikts place a* for si simple bodjn On increasing the pro- 
jxirUoti of either lend or tin the variable point of fusion reappears 
and attains a maximum at the fusing point of lend <jr tin, according 
a* one or other is in excessive pre pond trance* 

177, Change of Volume during Fusion, The majority of nul^ 
atanew occupy a larger volume in the liquid than in the solid state. 
In general, expansion occurs during liquefaction. Several substancea + 
however, contract on melting, a notable example being ice. In the 
former case the solid «"ill sink in the liquid, ihd in the latter it will 
float. 

The change of volume which accompanies the change of suite from 
solid to liquid may be estimated by the weight thermometer (Art, 
7&), A known weight Wj of the solid substance is placed in the 
bulb of the thermometer, and the instrument is then filled up with 
a weight ir, of some liquid which hue no act ion on the solid. Hy 
noticing the weight of liquid expelled between two chosen tempers in res 
below the melting point, the coefficient of expansion of the solid way 
ho obtained in the ordinary way; and similarly, by observations above 
the melting point, the coefficient of expansion of the same substance 
in the liquid state may bo obtained. A curve way then be plotted, 
showing the relation between volume and temperature under con stain 
pressure, both in the solid and liquid states as well as in the passage 
from the one state to the oilier. To determine the latter we require 
the w eight v of the liquid expelled from the thermometer during fusion, 
The observations of the change of volume may lie made in a eon 
tin nous manner by enclosing the suhatance in a large thermometer 
bulb, furnished with a graduated stem. The variation of level of the 
liquid in the stem indicates I he manner in which the volume changes 
in the neighbourhood of the fusing point. This relation has been 
examined by Cl. A, Ennan 1 anil H. Kopp.- 

The force attending the expansion during change of stale, especially 
in the solidification of water, seems to have very early attracted the 
attention of experimental philosophers. Boyle* found that wtiter 
confined in a strong brass tube while it fiore lifted a weight of 71 tha. 

l G. A. Krm mi, F> m . voL is. p. »7 ( Xwu.dr * PhyUv", 

2 C shtSf, tom. xh |i. I&7. 

d H, Kopp, Liebig's vot. sttfiL 
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pLiced on a lie stopper* and Huygens 1 succeeded in bursting a airman 
by freezing water confined in it. The Florentine academicians in the 
same manner burst a small brass shell, amt in 1784 85 Major 
Williams * hunt strong iron shells. 

The expansion of water dm ring freezing is attended by manv 
beneficial and many destructive results in nature. Those commonly 
observed are the bursting of water-pipes, the raising of pavements, the 
bursting of plant cells, and the splitting of trees and rock^, while the 
general fertility of the s*oil is increased by the disintegration of its 
parts. 

The expansion of water commences while it is yet a little wanner 
(4 C.) than the freezing point This seems to have been first 
noticed by Beaiim^ find is mentioned in his account of his hydro- 
meter. I>e Luc and Rum ford " also examined this point more atten¬ 
tively. and the latter punted out some important con sapiences of 
this singularity in the great operations of nature. 

The expansion of wine substances in solidify jpg is taken advantage 
of in the manufacturing arts. Thus iron, bfamnlli, and antimony 
expand during solidification, and when cant in any mould they expand 
into every chink and take up its impression exactly. The contraction 
of phosphorus, on the other hand, prevents it adhering to the mould 
in which it h cast, and it h for the same jvanjri that basaltic columns 
arc found in nature. 

178. Influence of Pressure on the Melting Point. —So far we 

have considered fusion and < olid i Beat hm under a constant pressure, 
and it remains now to be determined whether the melting point of a 
substance depends in any way upon a he pressure, or if melting rakes 
place at the ttme temperature whatever be the pressure to which the 
substance is subjected. Attention was first directed to this mar ter by 
Professor Jam*-* Th 0 ms.n 1 1 in J849, who showed that it followed 
foam the principle* of the mechanical (hcory of heat that the inciting 
point of a subs lance tike iee p which contracts on liquefaction* should 
be lowered by increase of pressure, and by analogous reasoning it 
followed that the melting i*omt will lio raised by increase of pressure 
ii the substance expands during liquefaction. Such a result might 
be surmised without either theoretic or experimental demonstration r 
for if the substance expands on fusing, then increased pressure is 


1 Du . .. //«*- de FJtml, ftwjf* tom. i t $ % ebap. L 

,J l&fitt. FMiL Trn in. to], iL 
! Count Ramfonl. Ena#$ 9 toL vSi. p r 281, t*tf. 
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unfavourable to liquefaction, whereas ihe contrary bold* if the sub¬ 
stance contracts in paring from the solid to the liquid suite. 

The masoning by which Thomson establish*! his conclusion w,i* 
exceedingly ingenious and although faulty a.ul incomplete m tho 
original, it may be moulded sons to meet the full requirements of l « 
problem. Wo consequently reproduce it here with the mmhu? 
amendments for although the same results may be obtained at et.ee 
from the fundamental formula* of thermor1ynatn.es (Chap. MU.* 
Thomson’s mode of attack is most instructive. Ill the km “* ftS*. 

a cylinder filled with air be closed with an air-tight piston, unr «- • thwi™. 

walls of the cylinder and the piston be non-conductors of heat, while 
the button, of the cylinder is a perfect conductor. Sow if the bottom 
of the cylinder be placed in contact with a mixture of m nwl water, 
and if the piston be gradually forced down, work will •« ■PJJ l " 
compressing the air, and an equivalent quantity of heat will *- 
generated in the air, which will pass through the conduct lag bottom 
into the mixture of fee and water. The temperature of this^mixture 
will not be altered during the operation. A «rUin quantity nf the 
ice will be melted, and the compressed air in the cylinder will fit.allj 
come to the freezing point 0 C. If t.ow the cylinder be removu 

f... the mixture (the piston being kept fixed Jam pieced with its 

bottom in contact wi.h the bottom of a similar cylinder-ontmnmg mt, 
cold water, then if the air be allowed to expand gradually, external 
work will be done and heat will be absorbed. Ibis mod come 
from ice-cold water, since the walls of the cylinders and the **»> 
are supposed to I* non conductors, and consequently, during .he ev 
pan-ion of the air, some of the water will be fio.su. The content, 
of the water cylinder will thus increase m volume, and the piston 
which closes h will be pushed forward, doing externa work it i s 
motion be resisted. Let this resistance be applied, so that the ^atu 
while freezing does external work, and let the reding pr^ure 
gradually diminish till at the end of the proems, he partly frozen water 
U under its initial pressure 0 ^ ** temperature, » now » 

The air in the other cylinder will also lie at aero i and it t now ha. 
attained its initial volume, it will also have attained its initial prepuce, 
since its temperature is the same ns when the experiment commenced 

The air is now in its initial condition, while a certain quantity <•* 

h:* been communicated to the mixture of ice and water and a . e ta 
quantity of ice him been formed in the water cylinder and a certain 
amount' of work has been done by the two pistons during th. ex¬ 
pansion of the air. Thu*, if the work done by the air in exit ing 
Ui iu initial volume were equal to that done it. compressing it, (here 
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would be, on the whole, a gain of work without any expenditure, 
viz. that done by the freezing water against the resistance applied 
(over ami above the atmospheric pressure) during expansion. In 
order that this work should bu performed, an equivalent quantity of 
heat must have disappeared, and there must be more ice formed in 
the water cylinder during the expansion of the nir than was melted in 
the mixture of ice and! water during the compression, and if this work 
** reall y g 4 ’ nod w e ftre furnished with an engine which will perform 
work by using up the heat of a single body, viz. that, of the mixture 
of ice and water, and this is a violation of one of the forms of the 
second law of therinodyramies (p. 47). If this be impossible, the 
conclusion is that the work done by the air in expanding is not equitl 
to but less than that done on it during compression, and consequently, 
the pressure of the air during the successive stages of expansion must 
have been lees than during the corresponding stages of compression ■ 
but since the volume is the same in both, it follows that the tempo*! 
tare must be lower during expansion than during eoinprwrion—tbftt 
ls ’ *" 111 of the air must be below zero during the process of 

expansion, or the water when freezing under a pressure greater than 
1 utm, must be at a tempera tore below aero, 

Having deduced that an increase of pressure lowers the freezing 
point of any substance which expands on solidification, Thomson pro! 
eeeded to calculate it* amount from the known data for ice He 
found that for this substance the theoretical lowering of the freezing 

r tl1 ou * ! '‘ to * *^ ut - W5 of a degree centigrade p er atmospheric 
lncrejtsc of pressure. From this it appears that to liqi lfi f v j, e at 
I L. a pressure of nearly 150 at mas. would lie required 
The conclusion* to which Professor Jam* Thomson was led hv 
(hcory were won put to the test of experiment by his brother Lord 
KeLiu, the result being u remarkably close confinnattm. A it rant: 
glass cylinder (Fig. 87) similar to CEreted's apparatus f or the com 
pressmr. of water, was filled with pieces af clean ico and pure 
A glass tube about a foot long anti ,< fl of an inch in diameter was 
enclosed in the water with its open end downwards ,o indicate the 
pressure by the compression of the air which it contained. A leaden 
rrng BB was inserted about the middle of the apparatus, so as to keep 
free from ice that pan of the thermometer-tube where the reading 
were expected, and more ice was then added above the ring th L dS 
epace bam* about 2 meh* deep. The thermometer w « tcloj Z 
a strong gk« ease to protect it from the straining influence of the 

tate S ' r WUtUm Tt0, ““ n - ^ ^ 1«0; J«L J** T o1. „„ 1L 
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high pressure to whfeh it would otherwise be exj>a«ed + The liquid 
used in this thermometer wu* sulphuric ether. 1 his substance was 
chosen because its dilatation lor heat 
is eight or nine timea greater limn that 
of mercury* anil as its density is only 
about ^ that of mercury t tbs thermo- 
moter-tube could be made large without 
nil Her ir ig much from strain due to the 
weight of the liquid. For thcae reasons 
the instrument w&6 very delicate, each 
division of the stem corresponding to 
nlxmt of a degree Fahrenheit 

At the beginning of the experiment 
the thermometer column stood at the 
division 67 on the stem* and when a 
pressure of from 13 to 15 utmo&, was 
applied by screwing down the piston* 
the reading of the thermometer rapidly 
descended to IS I. The pressure w:ts 
t hen suddenly removed* and the column 
rose again rapidly in the thermometer, ^ sTp 

The result* of two experiments art 1 

given in the following table* and compared with theory oil the 
supposition that (he press tiro was truly indicated by the air gauge : 



I'tthury 

nlaliTVfHl. 

Fill of T<in|t 

tf4.ll f.f Irmib 

DHferfDW. 

W'l ntm. 

16 0 mtELL 

O^ lrKt V. 
o'-ass f. 

o* \ ot> r. 
0"1227 F, 

-tf'-oes f. 
-nr-oos F. 


More recent experiment* by Professor Dewar 1 give a menu i 
dnotion of the melting point of 0 ’0072 C. per atino^ increase of 
pressure up to 7t>0 ntmoa. 

It ha* thus betii proved that. it melting is accompanied by ^ou- 
txmetion the effect t>( increase of pressure is to lower the faring point. 
The effect on aubstoocea which expand oil inciting wm studied by 
Huueeq,* With, the simple apparatus shown in Fig. 88. The shorter 
arm CD contains the subsumes under examination, and the longer arm 
AB eon tains air which by its compression register* the pressure. 
The intermediate space 'is filled with mercury. When the tempera 

1 IX-War. proe. Ron, Hot. ret. 5»i, 

* liiinscn. Po<fl. Ah*. vijL. liixi. |i- 1S50. 
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lwe * ri * eH tlie mercury expands* nnd the finbatmice in the 

arm CD is strongly wmproaflai By this moans Bunsen found Hint 
pfifiitfin which melted at II) ^ C, under at tiio# phene pressure, 
An ITie * ttl d at J!> 0 C. when the pressure was ndsci! to, 100 
utmost Similarly ^parmAceti, which futied nt 4 7 7 C. 
Ji under 1 atmi*,, hail it* molting point raised to 50 "9 t’. 
hy a pressure of 150 atmos. liojikiu^ made similar 
experiments on wax and stearin, and Motion 1 h\* 
enormous pressure lowered the freeing point of water 
r.o - 20 C. | M + Amagat * ha* also found that CXl t (un¬ 
known in the solid stale) congeals under a pressure of 
150 a Lino*, Other liquids were subjected to pressures 
ranging up to 3000 utmos., but without success. 



np *3. 


179* Properties of lee. Glacier Motion, and Regela 
lion. The lowering of the frees!tig point of water by 
procure, or, os it may be pul, the melting of ice under 
pressure, explains many phenomena which would olher- 
wise he very pussling. This melting of ice under 
pressure, and re-solidifiraliort when the pressure is re¬ 
moved, presents itself in many ordinary occurrences. 
The wheel,(rack in b now*of a heavy cart is generally 
sheeted with a plalc of clear ice. The snow, if not l'« 
cold, melts, or partially melts, under the pressure of the wheel, and 
solidifies again into transparent ice as soon as the pressure is 
removed. The sumo process comes into optwattou in the making of 
a snowball. If the *nmv is near the melting point, the pressure of 
the hand is sufficient to squeeze it into a compact partially-solidified 
nines. When the snow is squeezed between the hands, inciting occurs 
at the point* of greatest pressure, and solidification follows as soon as 
the resulting liquid is relieved of the pressure* If the snow ] M . 
below the freezing point, however, the pressure of (be hand will not 
he sufficiently great, and the lull will not “make." flared in a press, 
however, the snow may lie squeezed into water, which, when the 
pressure is removed, becomes a transparent mass of ice. If snow be 
packed in a cylinder in which it cun be strongly compressed by screwing 
forward a piston, thin rods of transparent ice will be forced through 
a small aperture made in the bottom of the cylinder The (mow is 
actually liquefied by the pressure, and solidification occur* as it 
eseajws from the aperture. In the same way fragments of broken 
ice placed in a mould may he squeezed into a homogeneous mass, and 

1 M(JIBM1, Pr'Mffl. J nu voL OV. [■, 101, IgJJJS, 

3 Sw jffly. ve>L ssit. p. i4Q f ififlj. 
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ice-lenses of anv shape, or masses of any shape or pat *m, m»J 
turned out like batter-prints by simply squeezing snow or ice «• 

mould of the required design. _. 

A In-anti fuI cxjierimen, showing the melting yt .ee under pm 
uiih solidification on relief, baa been suggested by !>r. Ivottomlej 
A stout bur of ice i* supported by two wooden prof* lj"» Bl 
each end, A wire is then loo,«d round its middle and attached ten 
heavy weight, which thus hangs supported by the bar nt tec, Fhe 
weight causes the wire to press tightly against the tee, and, as a com 

sequence, me I ling occurs under the wire. ' j**™ , 

,order ,he wire escapes iron, underneath and solidifies Mmd u ami, 
us this process continues, the wire gradually cuu il* wai through the 
ice until the weight fulls upon the ground. Thr - thus ^ 
completely through the bar, hut the bar is not cut m 
occurs by* freezing behind the wire os fast as scjiar.uioM j 1 c _ 
by melting in front. The plane of section cal. be dirtnwtiy «cu b> 
means of the air bubbles which form in it, but so firmly are ^ 
portions frozen together that breaking will take place elacwhe™ V** 

Is readily as along this surface of regelation. An in terming mu 
important process which persists throughout the whole «£*»» 
the constant flow of heat from the upper to. the lower parts of ^ JJnr- 
cross -section of the wire. Thus the water behind the wire « artul.fj 
ing at zero, and tho ice underneath the wire is meltrng at a lower 
temperature, so that the upper surface of the wire m warmer than the 
lower, Now we have acidification and evolution of heal above, < 
below there is liquefaction accompanied by absorpUon.«J both 
proven, are maintained in actional the same time by the flow of 
heat downwards From the warmer to the colder peiM of the w»«. 

For this reason it is clear that the better the conductivity of the wi e 
the more rapid will Im the flow of heat and ibe more quickly will 

wire cut sta why through the icil. - 

tThe dipptriiw of ice, « has been pointed out by Froft-sor 
J. Joly* is due to its melting under pressure. Ihua, in **"* 
the pressure of the skate liquefies a small l»rti0U of the ice, ami the, 
ante as a lubricant. Very void ice is not slippery. | 

From what has beet, already said the gradual motion of gl.iuc^ 
down mountain slopes will be easily understood; but m °™ er " 
make the matter quite clear, let ns consider the condition of things 
in a very tell vertical column of snow, the temperature of the whole 
mass being somewhat below the freezing point. At the top we have 

1 See Tv in [all's V/rrrf n M<*t' "f f 151 

* J. July, her. iidf. J>«Wi'n Sat, VoL v. till, 
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snow pure and simple, but at the bottom the pressure will be great, 
anil if the coiurati be tall enough, the pressure at the base will be 
10 «•'* th « «»w. The water thus formed will escape from 
beneath, ud being below zero will solidify as soon as True. ff snow 
bo continually added on at the top there will be continual liquefaction 
and after-freezing going on at the base, and a continual transformation 
of snow into transparent ice. Lot us now consider the case of a tall 
block of ice. If the tcmjioratiire is not too low, or if the height 
of the block is sufficiently great, melting will occur at the base ; and 
if thy block is situated on a hillside, the water escaping from beneath 
will flow downwards, solidifying as it escapes. This is what happens 
oh the slopes of snow-ludon mountain?,. The snow accumulates to 
immense depth* above the snowline. The bottom layer liquefies 
under the pressure of I he superincumbent mass, and a gradual .dip 
ping-away of the base occurs. The lower strata are being continually 
squeezed out (and on a hIojic this means downwards) by the pressure 
of the upper ones* Below the snow-line wo have a stream of trans¬ 
parent ice gradually oozing out from underneath the snow. As ihc 
mass descends it enters warmer regions where melting occurs under a 
lwa P r «*sure, At the points of greatest pressure melting occurs, and 
tire stress is relieved* ami the forward motion of the whole mass is 
effected by a continual process of alternate melting and freezing. 

. The, a| first sight, peculiar property of ice known ns ngtiaimi was 
first noticed by Faraday. It will n Q w be easily understood that if 
two pieces of inciting ice lie squeezed together the pressure at the 
°[ C0 " lLj «f " ill cause melting, and the water flowing away from 
these points will solidify around them when free from pressure. The 
two pieces of ice thus become welded together. This union or regula¬ 
tion Lakes place when two pieces of ice are placed in contact under 
water, even under warm water, and arises from ihe fact that when the 
ice is melting its temperature is at 0 C„ nnd a very slight pressure^ 
any point will cause liquefaction there with subsequent freezing around 
it It is also found that the plane face* of tiro blocks of See firmly 
unite when placed together with their piano faces vortical, so that 
there is apparently no pressure between the faces. In this case, how¬ 
ever, ibe blocks are really squeezed together to some extent; for on 
account of the repillary action of the film of water between the plane 
faces the internal pressure i« less than the external, and if the blocks 
be free to move-for example, if they be afloat in water—they will I* 
squeezed together, and melting with subsequent rogelatfon will occur 
m the point* of contact ; but if they are not free to move the pressure 
inside the film will be less than the atmospheric pressure, and sol i,l i- 


AM. I7f 


VU8I0N 


333 


tication may occur if the temperature of the film does not HMiUjr 

uxcued &QTO- , . , , . 

A peculiar theory* id regelation and the plasticity of we "** P 
poser! by Principal Forbes, and has obtained much favour among nuu^y 
<>r the popular expounders of science. According to t is t eory i c 
surface (aver of a piece of melting icc is supposed to 1* in *«*“* 
plastic condition, and the harder internal core w supposed to he voider 
than the surface. Tile conclusions drawn from these assumptions do 
not appear to have been obtained by any sound process of mtfumig, 
even if the truth of the assumptions be admitted. It v ncirly 
seventy rears since it was proved, both by theory and «£««£ 
that ice may be melted by pressure, mid ** have seen 1 m " 
property at once accounts for all the phenomena of !***« " 
Inch a‘simple manner that any other theory must with d.fltcu tj 
obtain a bearing, especially if supported on doubtful and complicated 

b^^The causes of the motion of glaciers bare from time to time been 
very eagerlv discussed, and a perfect unity "f opinion on «it * 1 

due* not appear to exist oven yet. This perhaps arises from the 
variety of phenomena attending the motion, and to different mmds 
different phenomena may present themst.lv ts as l los<J , 

conspicuously require explanation. Thus redded as a Wiethe 
glacier ^ to move as a viscous solid/ the top 
than the bottom, and the middle fester than *» «d* *i that c 
upper layers must be continually shearing over the lower, and th 
middle parts over the lateral. This motion occurs .n arctic M well as 
in tempered regions, and proceeds by night «* well as by day. Acuri- 
ing to a theory propounded by Canon Moaky * a glamer mo es do, ■ 
hill like any solid body simply by alternation* of temperature (Art. 
15). When the mass suffers a rise of temperature it expand*, 
the motion taking place, of course, in the direction of least r^tanr, 
namely, down the bed- When the temperature a b contraction mil 
ensue, arid the backward motion, being opposed by S'™* a con, 
plnte return to the original portion will not 1m effected, and a gradua 
creeping down the bed will occur. During the contract™ cracks 
may be formed, and these may become tilled with snow, which on 

. tu ; W a, 

1 “ ■** ‘ V p. 323) it appear. that - I- of icc cat fton, 

'*":**- ftZ «h* th» eptw «» ^ the crystal is in the plane 

tft&ZS SI?*. ■>•/"*"= 

is “I*. to the plsus of bending, the L»r »ru«a to yield. 
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next rise of temperature will promote the further forward motion of 
the lower end. A sheet of lead placed on a roof creeps down¬ 
ward* in the same manner. This theory explains longitudinal as 
well its tratiaverae crevasses; and since the surface will experience 
greater changes of temperature than the lower strata, it will move 
more rapidly . 1 

From the observations of K^ch and Klocko ' it appears that the 
motion of a glacier is by no means el continuous sliding down towards 
i,he valley. The motion was found to be very irregular in the morn¬ 
ing hours, bat during the afternoon a slow downward motion took 
place. During the night there was on the whole a hack ward motion. 

The controversies on this subject seem to have arisen from the desire 
to explain all the phenomena of glacier motion by attributing them all 
to a single cause. It is, however, clear that several actions are in 
ojjeraticuij, and each plays a part in the motion. Thus, while the down¬ 
ward morion of the mass tnay be explained by liquefaction arising from 
pressure, yet there can be no doubt that ice, like every other body in 
nature, is to some extent viscous, and the motion therefor# becomes 
influenced by shearing. So also variations of temperature influence 
the motion, and probably muss a downward creeping as well as 
longitudinal and Intend fissures To attempt to explain all the 
phenomena by attributing them to any single action in certainly not 
reasonable. 

Latent Heat of Fusion 

ISO. Experimental Determination of the Latent Heat of 
Fusion* —The latent heat of fusion of any substance is defined as 
the quantity of heat required to convert unit mass of the mM at the 
melting point into liquid at the same temperature. Its experimental 
estimation may bt> made in several manners founded on the general 
methods of ealu rime try. There are, however, two general methods of 
procedure applicable, according an the substance is liquid or solid at 
the ordinary temperature of the air. In the first car. a weighed 
quantity of ihe liquid is placed in a freezing mixture and solidified. 
The "liUd, while at some known temperature below the freezing poin t 
h then placed in the calorimeter, and the amount of heat absorbed 
by it in liquefying and rising to some known temperature above 
the melting faint is noted. In the second case a known weight of 
the solid is fused, AKid, While it is at some known temperature above 
rim point of fusion, is placed in the calorimeter, and the heat evolved 
1 W. It, Brauns, PriK. Jfoy, A"«. VCL t'. SOS 
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while cooling to some temperature below the nulling point is 
observed. The reverse operation tnigbl of course lie app!ie<I in 
cither case. 

Let tt„ be the temperature of the solid when placed in the calor) 
meter, tf the temi>ci-nHire of fusion, and the initial end 9 t the final 
temperature of the calorimeter. Then if the mass of the substance 
he a, and L its latent heat of fusion, .< the sjwcilic heat of the solid, 
ami s' that of the liquid, I he total beat gained bv the substance m 
rising from S t to $ in the solid state, fusing at w and then rising from 
0 to ti„ in the liquid state, is obviously 

IN*'!* a t ) h i«L + ■ 6 ) t 

and if W denotes the water equivalent ol the calorimeter, the heat lost 


by it will be 

*'(#,-4)+B, . 

where It is the radiation correction, and may be positive or negative 
according to the conditions of the experiment. Consequently the 
equation which determines L is 

m t(e ^) + «tL+«i'(h-*) B "’ih ~ 4 it- 
In order to determine L from this equation the values of s and « 
are required. If these are not known by previous experiment*, their 
values may be determined simultaneously with that of L from a single 
experiment by noting the changes of temperature of the calorimeter 
while the temperature of the solid rises through a given range between 
0 and 6. ami also white the liquid rises through some interval between 
8 and a. Or three experiments may be made, starting w»th different 
values Jf and U v and thus obtaining three equations similar to the 
above, involving the unknown quantities s t s', and L. 

If the mi Instance, on the other hand, be solid at ordinary tem^ra- 
turesn known quantity of it at a temperature 9 C above the fusmg point 0 
is placed in tbe calorimeter, and the final temperature of the cal on- 
meter will be higher tlmn its initial temperature 0 r The equation 
then becomes 

W|i ’,;# 0 ~ *?) 4 wit. r tf a j - 1 K, 

181- Latent Heat of Fusion of Ice,—The accurate determination 
of the latent heat of fusion of ice has boffll the subject of much skilled 
investigation. The method sketched above was employed by Person. 1 
His calorimeter was of the ordinary form, bin closed so a* to prevent 
fan of heat bv evaluation, and the stirrer was kept m constant motion 
by means of clockwork- The water under investigation was enclosed 

i C. 0. Person, Ann, rfr Uhimit, 3* ifcit. tom. six. p- Ta, 1850. 
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in a thin cupper flask furnished with a iheimonictei which indicated 
its temperature. Before immersion in ihe calorimeter its temperature 
whs reduced to about - 20 V. by means of a freezing mixture, The 
flask, therefore, when placed in the calorimeter contained a known 
weight of ice ai a temperature considerably below the freezing 
point. 

The whole observation was now divided into two parts— (1) the 
observation of the change of temperature of the calorimeter while the 
temperature of ice rose through a certain range, and (2) the observa¬ 
tion of the final tempera lure of the calorimeter. The first observation 
gave the specific heat of ice; and this being known, the second gave 
its latent heat when the necessary corrections were made. In this 
manner Person found for ice 

j-O'SOt, L=6frffiJ, 

llie specific heat of water at 10‘'5 C. being unity. 

MM- De la Provostaye and Desains 1 proceeded in a somewhat 
different manner. Their calorimeter was of the ordinarv form, anti the 
correction for evaporation was determined by weighing and estimating 
the rate of evaporation within the range of teiuperatureem ployed during 
the experiment, A fragment of ice at zero was then carefully dried 
anti quickly immersed iu the calorimeter, and the fall of temperature 
observed. The quantity of ice thus introduced was estimated by 
weighing the calorimeter beforu and after its introduction. The ice 
being at atom, its specific heat does not appear in the equation for L; 
and since the temperature of fusion is jtero, as well as the initial torn' 
perature of the solid, we have, if e t and tf a lie the initial ami final 
temper Alum of thu calorimeter 

inL+ir^- W(tf,-^| + K 

Hence 

The correction R will lie small, but W will he much larger than m, 
and it thus appears that an error in the observation of v - tj will be 
increased in the ratio W/m, Thus, if MT™ 10m an error of* » of a 
degree in the value of #, - will introduce au error of it whole unit of 
heal in the value of L. For ihis reason MM. ProvosUye and 
employed a ihcniuimeter which could be depended on to t. it t ■, 
degree. Their fins] result was lffff 

Li- Ttf'Sit. 


* F. d« U fW»toy -J P* Dwix*. Ama, tu tw*. SWsiHe, tom. p. 6, ; Sl3 , 
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More recently Bunsen 1 applied hi* iec calorimeter (Art, 13&) t«* the 
determination of the same constant. The specific gravity of ><* «as 
first measured l.v a specie* of weight thermometer, containing mercury 
and a known weight of water which could l* frozen. The end of the 
stem of the thermometer riipiwxl into a cup of mercury, so that when 
the ice molted, mercury entered t he instrument, and from the increase 
of weight the contraction during fusion was estimated. Bunion thus 
found " he density of iec to be 0 91 *7 4 This tveing known, a definite 
quantity of heat Q was imparted to the ice calorimeter and the con¬ 
traction estimated. The quantity of hent <i will liquefy Q L grammes 
of ice, and the known contraction r will furnish the equation for L, 



where ^ is the density of iec and ( y, the density of ice-cold water. By 


this mo uts Bunsen found 

L=80*03, 


the mean specific Heat of water between 0 : and 100 C. being taken 


the mwui 
m nnity^ 
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1S2 Fusion of Amorphous Solids, -Its the cuae of am^i'pbouH 
substances, such a* glass and iron. the passage from the solid to the 
liquid state is gradual and not sudden as in the esse of ice and other 
crystalline bodies which have a distinct melting point, 

’ During«his interval of transition through the viscous stages, from t he 
hard solid to the mobile liquid, there is a continuous absorption of heat, 
hut no sudden absorption wit bout change of temper; mire. For this reason 
we cannot speak definitely of the latent heat of fusion of such a sill, 
stance. Tin passage f nun the liquid to the solid state is continuous. One 
-it ate might he regarded as differing from the other merely in the degree 
of viscosity Thus solids 1 often show trace* of the liquid properties, 
for example, in the gradual flow of pitch mid the sagging uF long glass 
rods supported horizontally. Even in < he case of crystalline substances 
the change from the solid to the liquid state may lie cor.tinitons in the 
-ame manner, bm exceedingly rapid. Thus, if qnanttt.ee o heat la* 
measured dong the axis OV, and temperatures along OX (h.g- -;4), 

■ Hums-h, PW ^ vcl. «1L; and A»». * OMwIt " * rtiw-*. i~ 
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when the substance i& in the solid state, the line OA will represent 
the relation between the increase of temperature and the increase of 
heat. If the substance etch® suddenly a certain quantity of heat will 
be absorbed without change of temperature, and this is represented by 
the right line AB parallel to OY, At B the fusion is completed, and 
the absorption of heat will again he accompanied by rise of tempera¬ 
ture. This is represented by the line liC. If, however, the substance 
softens gradually, the line AB representing the change of state will not 
lie straight, hut the whole curve ABC will be continuous, as shown in 



l‘ig, $9. The part AB will represent the stage at which there is a 
large absorption of hast, that is, the pericxi „f high, but not infinite, 
specific heat There i* here no sudden discontinuity. The change of 
state is merely characterised by a rapid increase* in the dope and 
inflexion of the curve. It may even happen that a marked increase of 
slope docs not characterise the period of change of a ut e , but that 
during softening, the curve, as in Tig, SO, shows no evidence of change 
of Tims the discontinuity observe.] in the case of water a „d 

other substances which solidify suddenly nmv lie regarded as merely 
extreme cases of that exhibited in % 89. In these bodies too the 
change from one state to the other may be continuous but rapid ' 
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EVAPORATION ASH Klil'LlilTtON 
# 

IS3. Molecular Motion La Liquids.- The general distinctions be 
twHR solid*, liquids, and gasei, from the point of view of the mus¬ 
cular theory, have been already sketched in Art. 53. In a solid ear i 
molecule may vibrate about a portion of equilibrium, but carmoi move 
frimt one part to another of the mass. In a gas, on the other baud, 
each molecule is not only free to move throughout the mass (except 
in .o far as it is jostled by the others), but between any two consecu¬ 
tive collisions its path is supposed to be straight, and the molecule 
is Fret* from the action of its nftighbotira. 

Liquids form a connecting link between the solid and g«»us 
states of matter. The molecules of a liquid are continually mudei mg 
through the mass, but each spends nearly all its time within the sphere 
of influence of the other*. In a gas the ratio of the time spent by any 
molecule in collision to that occupied in free motion is suppc«d to be 
small, but in liquids nearly all the time is spent in coll.s.ons, there 
is practically no free path, and each molecule is coustuiuly untiei 
the attractive influence of those which surround it. In the interior of 
the liquid this influence will probably have little directive action on the 
motion of a molecule. Each molecule will be attracted pretty much 
the same in all directions, and the path travelled over by any one will 
deitend upon its fortuitous collisions with the others. 

At the surface of the liquid, however, the state of things will he 
very different. A molecule in this region is not equally surrounded 
on all sides by other mdeeulu ; *0 that although in the interior ol i he 
liquid a molecule may to attracted equally in all directions, and there 
may to no resultant molecular attraction on it, yet ai the surface there 
will to on each molecule a resultant attraction directed toward* the 
interior of the liquid, and along the normal to the surf**, trough- 
out a thin surface layer there will thus he a force on each molecule 
directed towards the interior. This film consequently exerts a pressure 
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on the liquiii within, mid .nig Tike it it:use clastic membrane stretched 
over tile siuime ; lienee (he expression surface-tension, 

l.et us now consider a molecule in motion towards the surface 
Ah soot, us it outers the BUrfawkyer allude, i to above, a force directed 
towards the interior Bogins to act on it, so that, leaving accidental 
collisions out of account for ihe present, the motion of the molecule 
inuv He arrested and even reversed. If, however, the normal cum 
|'uncut of the velocity of [lie molecule be great enough, it will be able 
to pass completely through the surface-Him. and continue its motion 
into the apace outside t he liquid The kinct ic energy of the molecule 
wdl, however, bo considerably reduced by its passage through the 
surface-layer on account of the. opting attractive force, so that 
althnugh a molecule may I* i„ rapid motion on approaching the 
Hirfcice from the interior, its velocity after escape may be very small. 
Hills, on the- whole, while some molecule* esciq*., others are brought 
to rest and return into the liquid, so that the surface-Him is being 
constantly renewed, the molecules which constitute it at any instant 
pass into the interior and give place to others. Those molecules 
which effect tin e^qm are free to move about in the outside space and 
eonstuute What is termed the ra/w of the liquid, and this procJss of 
moJeculnr esenpo is termed cr*ij&fafiwh 

184. Evaporation in a Closed Space.- When a liquid i a ,d«cd 
in .1 dosed chamber (which m otherwise empty and at a uniform 
temperature) evaporation will take place more or less rapidly at first 
After some time, however, the space outside the liquid will become 

J ™ Stra - V molMu] « have escaped through the 

surface film. These, after esc*]*, move about indiscriminately in the 
chamber, and arc reflected from its walls and from each other In 
tins manner some, after a fitful career, wdl return to the liquid and 

h w ll ,Y ni * > " l T irfSC * into the interior. 

1 , ' h fl:l!>|K> " that 11 singe will be ultimately attained at 

which m- many molecules will return to the liquid per second as leave 
it, and mi equilibrium will be established. At this stage evaporation 
may be emd to have ceased. There is no further loss to the L t id or 
gam to the vapour outside it; there is. however, a continual e* h»n« 

gomg on, new molecules are being continually projected from the 
surface, and other* are falling ,„«> j t in mlmU , r . In lb 

* J 7 ™ “I tf ‘ bt< fiIIwi *** vapour, or the vapol 

t simply mud to be ^ratrj- while in any state before this Li 

arrived « te vapour is said to be non-sat united. A 
saturated vapour is thus one which is in equilibrium with i u own 
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185. Evaporation in an Unlimited Space.— When the space into 
wbiph evaporation takes place is unlimited, it is clear that when a mole¬ 
cule escape* from the surface ii tuny wander about in the atmosphere 
nnd never return to the liquid. There will thus be a continual 
How of molecules from the surface into the space outside, and evapora¬ 
tion wilt continue in this manner at a steady rate as long ns the 
temperature is kept constant. The liquid will thus gradually all pass 
into the condition of vapour. The rate at which vapour is formed 
depends upon the temperature. For a given temperature it is not, 
however, proportional to the area of the surface of the liquid, ua 
ordinarily supposed, but to the linear dimension* of rhe surface ; mul 
in an open vessel evaporation takes place more rapidly near the 
boundaries of the surface than at the centre. The rate of evaporation 
is thus not the same at all parts of the surface. This question has 
been examined theoretically by hi Stefan, 1 and be finds that for a 
circular vessel the quantity of vapour formed per second is pro- 
portions] to the diameter, and, further, that the lines of flow of the 
vapour from the surface arc hyperbolas, of which the foci are on the 
hounding edge of the circular surface. The surfaces of equal pressure 
arc the orthogonal system of ellipwidi. These arc nearer each othei 
at the edge of the surface than over the centre,consequently near the 
edge of the vessel the vapour-pressure decrease* most rapidly, and it 
j# hotc therefore k. lint the Sow ie grBAtut. 

The rate of evaporation at the various parts of a free surface has 
been studied experimentally by A. Winkelmann,* and although he 
was unable to verify Stefan s theory very closely, he attributes the 
discrepancies rather to the mode of experiment than to any defect in 
the theory- 

The rate of evaporation at a given tom]»raturaand pressure vane* 
very much with different liquids. This would of course be expected, 
for the escape of a molecule depends on its normal velocity and the 
nature of the surface layer, both of which will depend upon the nature 
of the substance. Thus a drop of ether let fall through the air dis¬ 
appears almost at once, a drop of alcohol less rapidly, and a drop of 
water much less rapidly still- 

From a scries of experiments on the rate of evaporation of liquids 
contained in narrow tubes, Stefan win led to the law that the velocity 

1 Stalkii, Journal (fe Ph'.t*- =1* L t L ' 20 -- ,S8 - 

* l?iial, jIjih, vols. jssiii. MS*- 

5 The dtlTvn-ntinl equation- of I ho motion of vajornw aw »imh*oa» to th-s or 
the potential of r|,-ciric fioW- If * liquid ewaponvlr* in an indofittlte atmosphere H»: 
wa of vaj-nur which lurr. any unit rf till. =urf*» p-r -ocoml U proportional to 
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of evaporation vcnics inversely an the distance of the surface from ihc 
open end of the lube, The application of the tjurarv of the diffusion 
of gases to this pron-ss led to the same law, a mi furnished a complete 
determination of the velocity of evaporation, which rendered it possible 
to calculate the coefficient of diffusion of vapours. These experiments 
have been extended by Winkelmunn to several series of liquids; 
and have been used to determine the coefficients of diffusion of their 
vapours. 

Similar ejqieriincnts to those on evaporation may he made on 
the solution of solids in liquids, and tbs coefficient of diffusion deter¬ 
mined. 

IS6, Ebullition, —The rale of evaporation, depending as we have 
seen on the facility with which the molecule* escape through the 
surface-layer, will he favoured by anything which increases the 
average velocities of the liquid molecules or diminishes the surface 
tension. Increase of tomjierature has both these effects, the latter 
Ijeiug a consequence of ihe former; and for this reason evaporation 
from a given liquid under given conditions takes place more rapidly 
the higher the temperature. 

The effect of evaporation is to carry otf iboae molecules of the 
liquid which are in most rapid motion, and consequently to diminish 
the temperature uf the liquid. Steady evaporation entries off a steady 
ilow of heat, so that if the temperature of Lhe liquid is maintained 
constant a steady supply of heat must be given to it. Equilibrium is 
therefore established when tlio rate of supply is equal to the rate at 
which heat is carried away by evaporation [f the supply i B con¬ 
siderable and the free surface small, it may he im| Wss ihle' for this 
equilibrium to lie established ; and as the temperature ri sob a |«jnt is 
reached at which the surface is unable to afford the means of 
ciently rapid escape to the molecules, and bubbles of vapour are formed 
n. tin interior of the liquid. At this stage the vapour-pressure is 
hii ( tidelit to support a bubble inside the liquid and the temperature 


lb.* clectnc dctulty *t tlits ]ji.rt «f (be .uri'in-c when churgi?!. The direct ion nr it, 

* Url ' .n t (>i V “P- UT J‘ Ha*-- of W, ihh! the U irb«» of « [1]4 | , jrM 

^ t “ k ' i,ie .!* t * ,th ,**' '"I “'pot's Hal sqrlHHSL If b, the rudiu, 0 f, b^lit t 

5 hp ohAicmhi of Lhfftibioii, P Ih* p' niui i . 1 (lie »r^ r ... Hhf - ,1 

3 E “ “» zSxzt**- 2 » r ~“ “ 

Vhich t-nfijR-a from Mw bulu pt?runit.link* ra 


>1 - Hi, loj^ \ 


-P 


TtlU* M ia [eoportioiL*! to tbs rtiilus of the budi, and not to it- sll rr ar „ , „ 

*up|Hi«d {SitUu, TVum. r.V. W j»f,. I«11, abut riot it. Jim na l J nJST^ r 
U p. 20(3, \$S2'l ■ Wtm 





MIT, 186 


343 


EVAPORATION AND EBULLITION 

(tfages to rise. When a bubble is formed, evaporation takes place 
; it ju surface, so that the effect of the formation of such a bubble is 
to increase the surface through which evaporation takes place, and 
by this means equilibrium between loss arul supply » established- 
Kaeh bubble us it is formed rises to the surface, increasing in size 
during its ascent, and escapes into the spar* outside. If now the 
rate of supply of heal he augmented, it is found that the temperature 
of the liquid remains stationary, Bubbles merely form more rapidly 
so that the rate of loss is still maintained equal to the rate of supply 
of heat. The temperature at which this occurs is termed the lx>thnit 
poinl, mid the process of vaporisation by bubhlc-formation is called 
boiling. The temperature of boiling depends upon the pressure. 
The higher the pressure, the greater the difficulty of forming bubbles 
and the higher the temperature at which boiling occurs. Thus the 
temperature of water boiling under a pressure of 760 mm. of mercury 
j s iqq c, t white under 9 pressure of 92 mm. ladling will occur at u 
temperature of SO' C, and under a pressure of 1520 mm. the tempera¬ 
ture of boiling is lll 8 -4 C- 

No definite law has, however, yet been discovered connecting the 
boiling point with the pressure, but several have been proposed. 
These wilt be considered later on. The general law of ebullition is 
analogous to that of fusion, viz. that a given liquid under a given 
pressure always boils at a definite temperature, or. m other words, the 
boiling point depends only on the pressure. In the case of fusion the 
influence of pressure is small, but the effect on the boiling point is 
considerable. In general, when the boiling point is spoken of the 
temperature of boiling under the standard atmosphere <7GO mm. of 
mercury) ia meant. 

The boiling point under any pressure is of ion defined »thfl tem 
pc rat inr at which the pressure of the saturated vapour of the liquid 
is equal to the external pressure to which the liquid is subject. It 
would, however, appear much more straightforward to define the 
boiling [mint us the temperature at which boiling occurs, that is, the 
tenijic ratlins at which a liquid gives off bubbles of its own vapour. 1 1 
might then lie stated as a result of experiment that at this temperature 
the pressure of the saturated vapour of the liquid is equal to that 
under which the liquid hoilfi. 

The pressure of the vapour in, a rising bubble musk of course be 
somewhat greater than the pressure outside the liquid, and even at the 
surface of the liquid the vapour- pressure must be a Utile greater 
than that at some distance away, for the vapour is Hewing away from 
the surface, and ii of course Hows from places of higher to places of 
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lower pressure. The apparatus employed for fixing the boiling point 
.m thermometers (Fig. 8) shows, however, that the pressure of the 
mturatoil vapour within the boiler fa scarcely appreciably greater 
limn that erf the atmosphere outside if the fcwape tithe be fairly wide, 
187. Superheating- Variation of the Bolling Point under eon- 
stant Pressure -Circumstances which determine Ebullition. 1 —The 
temperature of u liquid boiling under constant pressure depends to 
some extent on the nature of the containing vessel. The disco very of 
this influence of the containing vessel is generally attributed to Gav- 
ItTiasac (IM2), but ns early as the middle of the last century it seems 
to have been generally known that the temperature of water Imiling 
under a definite pressure was not always the s u„, c . j, H71S follH(l t(> 
vary within certain limits, which led to incongruities in the fixing of 
the boiling point on thermometer* For this reason n report on the 
subject was made by some «F the most distinguished members of the 
lioyai Society in J 777, in which it wns recommended that the thermo 
meter during the fixing of Hie boiling point should be immersed in the 
*tenm of the boiling water, From this it would appear that, even at 
thw ,hiU '' >* ™ that although the temperature of the liquid 

tuny depend on the nature of the vessel, or oven vary with the same 
vessel at different times, yet the temperature of the /team was always 
the mua under the same pressure. 


As early ns 17*4 it was show,, by Achurd - that the boiling point 
of wafer, under constant pressure, vnried much more in metallic than 
m glass vessels. He also noticed that if when water was boiling 
-tenddy some ,ror. filings, or other finely-divided insoluble substance" 
was thrown wi, the temperature of the boiling liquid was lowered I R 
Or more, and that this de^essio,, varied considerably according ai the 
substance throw ,, in was powdered or i„ lump. The affect of soluble 
substances, on the other hand, was determined during the experiments 
of Dalton, Watt, Iwb,son, Southern, and others on the pressure of 
saturated sterna at various temperatures. These experiments will be 
flomwlemJ in the next section. 


1V Dfl I " f 1,1 th0 ™ studied 

b Ut!; Mnd m 1 ‘ h ° propounded a theory which states in 
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vary hcob terms that boiling is initiate! and sustained *• t-ubb^ 

ol air which become disengaged from (lie liquid when 
hubbies may be seen collecting in large number* on the Bide# of a guis* 
beaker in which water is being heated. As the temperature rise* 
evaporation takes place from the liquid into the bubble, wh.eh grows 
in dte and rises to (he surface. The part played by the *» » t0 
form * centre of evaporation, and give a start to the formation of a 
vapour bubble. If the liquid is quite purged from dissolved air. then MM 
according to -his theory there is nothing to start bubbles in the 
interior, and evaporation can take place only at the free surface^ in 
confirmation of this viowDc Luc found that water from which the an 
hod been carefully expelled by boiling could bo heated m a tube to a 
temperature of 334"5 F. without boiling. 

V similar experiment showing the same effect w as made by Uonny 
h, 1844. Water was placed in a glass tube previously well washed 
out with sulphuric acid and rinsed. The water was then boded for 
some time in order to expel nil (he dissolved air, a# * rfl ll - 4 ' ie 
air in the upper part of ihc tube, \Mien thin " ■*' effects t i 111 *■' 
was hermetically sealed. The extremity of the tube containing the 
water was then placed in a hath of glycerine, the temperature of which 
was raised to 137 without ebullition of the water. At (hi- point, 
however, a sudden rupture of the liquid occurred with explosive 
violence, projecting part of the mass to (he fmthei <* u ° 1 Ll 1 '* ,e ’ 

This is known as boiling by bumping. It occurs in most cases when 
liquids are subjected to prolonged boiling, and lias been suggest*! as a 


|*a>£«iblti cause uf boiler explosions 

Tho inE3lienee of mppei turnings, powdered thaxvoftl fioundefigb^ 
etc.. In reducing the boiling point « »1*» investigated by Oay-Ln&^c.- 
lie considered that the boiling point depended or. the nature of the 
surface of the containing vessel as regards lt» polish and conductivity 
for heat. Maicet,’ on The other hand, maintained that metal turnings 
depressed the boiling point, because their molecular attraction for water 
is less than that of glass, so that the water adheres more tenaciously 
to the sides of the gt»- vessel than to those of a metallic one or m 
metal filings. This adhesion to the sides of the glass vessel will lie 
influenced by din and impurities on the sides of the vessel, rind conse¬ 
quently variations would be expected in the temperature of a liquid 
boiling in different glass vessels, or even in the same vessel at different 


1 Itounr. -Jim. rfr Vhimit el rfv 3* tvrir, ton». xwL, 1*1 L 

1 Cay-Luusuc, Juit, dt Ckinit, toft). Ux«L p. 1*11 mid ,/■*. dr Chimit ft r k 
PAjjWiqitt, El ■ IjJ. viL |L ^)7r 

"» Mlicet, „4*u. if« Chifiiett lit Wjpiyiw, & serif, tour- r. p. 449. 


THEORY OF HEAT 


CILaJ\ V 


Enii]«!|ik4 

dtuL 


U ti 

Hnie#. When a glues fltisk ia thoroughly washed uut with Atilphiiric 
:inii) and Hn.wd with | -lire water, the boiling point of pure water m 
foiltid by Mnmt to bo 106 C. These variations were referred to 
molecular chafcges in the surface of the gins.-, 

The theory of Do Loo seems, however, to have had the most 
general acceptance up to the present time. The influence of dissolved 
mr in facilitating ebullition is beyond question ; but whether the action 
ia directly dtte to the air itself or to particles of dust suspended in it, 
or to other impurities, docs not seem to have been sufficiently deter¬ 
mined. Thus M. Gernez 1 describes an experiment in which copious 
ebullition ensued in a liquid at the boiling point, from the surface of a 
small bubble of air placed in its interior, and Mr. Tomlinson - found that 
* wire cage containing air might be lowered into the interior of 
the liquid without exciting ebullition, provided the cage and air be 
wlmt he terms chemically clean. From this experiment it appeared 
that clean air did not cause ebullition. The specks of dual which it 
usually contains arc the active agents. 

Mr. Tomlinson’s experiments on this subject arc full of interest. A 
test tube, one third or one half full of the liquid to Ire examined, was 
placed in n warm bath and maintained at or near its boiling point' but 
not actually boiling. While the liquid in the tube was thus silently 
evaporating, it* surface was touched with the end of a brass wire, and 
violent ebullition set in immediately. As soon as the wire was removed 
the boiling ceased, but it commenced again when the surface was touched 
with a slip of paper, or the end of an iron wire, ora glass rod. Id the 
case of a glass rod the whole stir face was active at first ns the rod 
ivaa pa-ised dow n into the liquid. Hubbles, however, *uou ceased to bo 
given off, except at two small points, Tomlinson's explanation is that 
the surface became clean, and therefore inactive in separating vapour. 
The two specks from which vapour continued to be given off were 
impurities m the gins*. probably iron or carbon, which were porous, or 
not so easily cleaned ;l* the glass. In a tub* containing ether, bubbles 
were rapidly discharged from two specks in the glass. Specks of this 
kind are often very active in separating gas from saturated solutions, 
such sis soda-water, etc., and in netting up crystallisation in suia-r 
saturated solutions of salts 

W itb respect to the action of surface rugosities, the action of a rat's 
rad hie was examined. The surface of the hot liquid was touched with 
the hie, and funous boiling ensued. The file was then held in the flame 
of a sp.m-lEL.ni>, “'"1 hot, was held in the upper p* rt , jf 

■ .Jam Ur Chimir H Ur Ph»i_ £. aids, tern. iv. j,. ^ MMi 
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to cool in the vapour of the liquid, l*iug thus shelter! from the air. 
The file was now found to bo inactive, even though paused .lowly down 
to the bottom of the liquid. However, when token out Kid waved in 
, he air it again became active; hut when left it. the liquid H Boon ceased 
to be active, or, according to the theory, became clean. 

A gw all pellet of writing-paper thrown into ether caused vapid 
ebullition for some time, the paper being tossed violently about till it 
suddenly sank dead and ceased lobe active. A brass wire passed 
down to the bottom of the mint evolved bubbles from all parts of us 
surface, but after some time it became clean and ceased to promote 
ebullition, except at one point at its end, from which bubble# notmued 
to stream off. The wire wa* taken out and tiled, but on being inserted 
into ihc liquid again bubbles continued to stream off from two points 
In the same manner a piece of Hint, when dropped into methylated 
spirit at its boiling point, gave off bubbles in abundance all over its 
surface. On being taken out and broken in two it was found that 
when replaced in the liquid the newly-fractured surfaces were inactive, 
while bubbles were freely liberated at the old surfaces as before. 

The behaviour of nuclei is I he same in the case of supersaturated 
saline or gaseous solutions, and m the opinion of ihc author of these 
experiment* any surface will be active or inactive in promoting evolu- 
tii,I, of gas or separation of crystals, according as it is chemically 
unclean or clean. A liquid at the boiling point is regarded throughout 
jls a Bikturatcd solution of its own vaipour- 

While noB-porous substances Income inactive after some time in 
promoting separation of vapour, it is found that porous substances do 
not become inactive. Such subsumes, therefore, as charcoal, coke, etc., 
are the proper nuclei for promoting the liberation of vapour m the 
operations of boiling and distilling, and for preventing bumping. 

The possibility of superheating a liquid, as well as that of over- 
cooling it will depend on any circumsUuu* which reduces the oham-e 
of the molecules at any place coming into the condition in which 
vaporisation or solidification may start at that place. For this reason 
it would be expected that very mobile liquids would Ik' more difficult 
to superheat or overcool than those which are viscous. For the same 
reason superheating and ovcrtoolmg will be more difficult the larger 
the quantity of liquid employed; for since it » sufficient that the 
required arrangement of molecules should occur at any single place fur 
ebullition or crystallisation to set in, the probability of tins happening 
at some place' will increase with the quantity of liquid employed. 
Thiia Du four 1 found thai drO|W of water suspended in a mixture of 
i Dakar, 4, Chimin w <fr /%», * ■«». **“• htviii. ji. STO, 1803, 
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oil of clove# and linceed oil could be heated much above the boiling 
jKJint. Drops 10 mm. in diameter were heated to 120' C, t anti those 
which were -mlv I to ;l mm. in diameter remained liquid up to a 
tempemure of 17* C. These drops buret into vapour with a hming 
t ?'“ when touched with a glass rod, or when they floated against the 
thermometer or the snips of the vessel. The effect of surface tension 

ma } , however, have a considerable influence in this ns well ns in all 
other case* *jf superheat mg. 1 

When a volatile liquid is placed in a tube and cautiously heated in n 

r tW ^ 0mp ! ratlir i 0 :lbove iE3 boiling point without boiling, very rapid 
evaporation uk®, place at the surface, and the cooling thus produced 
nay beauScient to keep the liquid at a temperature conXablv 

Wow .hat Of the bath. Thu, M, Garnet found that in TtZ 

bath aT himl ^ V'™' * 

excld 7 f t.: ' fl ' UpertttUTC ,,f the h '^' «he tube did not 

stare. \\ hen a drop of water .s let fall on a hot metal plate the drop 
ordinarily both. away violently with a hissing noji<5 . jf’ ho Jver the 

nteTllV U su ®« en % high, the drop does not enter 

o ehuilition, ncuhe. doc it spread um tbo sqrf|UV „ d wflt u ^ 

STTT * rellH “ brmt 0,1 th * rnte a globule of 

t y ■ 1 P^^menot. may be easily studied by raising H nietflI 

3 t !i ^ ° VCni Ultmcn dropping aglofcnfe of 

_ die dish is map .tamed the drop remaim as if o„ „ ' 

,,” p 7 n '°» »pl% b. M, from i„ ,„* r 

;™-,iV * Ek3 tm P U removed and the dish allowed to cool t 
po.nt wdl e reached at which the drop comes into contact wkh the 

vnjjou^ aW m tm ebull,tk>tl BUtft “ wit1 ' thfi formation of a cloud of 

During the spheroidal condition it may be easily verified tint the 
drop » out of contact with the hot mote.. It is suppTrfTJ^ 

jir j Srz b' “SI f *■ 

irthe teuijicraiurr ulu* scrotal drsrves ij. .t, , t, ' J ^, ° ^wdeaiangn.n, eves 
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cushion of its own vapour. The eye placed oti a level with ihc sur¬ 
face can easily observe through the interval between the drop 
(especially if it is coloured dark) and the surface any bright object, such 
iiH a flame* placed on the other side. Professor Poggetxdorf proved 
ibis want of contact in another manner. The two terminals of an 
electric battery were placed in contacts one with the drop and the 
other with the hot metal While the spheroidal condition busted no 
current pjiesed, but as soon as the temperature of the metal fell to the 
point at which boiling occurred, the galvanometerwas deflected, showing 
that contact had been established. 

M. Boutigny/ by placing a small thtmioiiieicr in the drop, found 
that the temperature of the drop when in the spheroidal stale was 
always below ita boiling point j and Berger 9 afterwards found that In 
a large globule the temperature registered by a thermometer placed 
in its interior marked from 96 to IS near the bottom, and about 
90 at the upper surface. 

In the case of liquid sulphurous acid the temperature of I he 
globule is low 1 enough to freeze a drop of water placed in it. This 
tu first shown by Boutigoy* and hence the apparently extraordinary 
HtuLement that water may be frozen in u red-hot crucible. The red- 
hot crucible tea nothing to do with the freeing. It follows merely 
from the fact that a liquid in the spheroidal state is beWw its boiling 
point, and the boiling point of sulphurous acid fa Iadov the Freezing 
point of water. Faraday in the same way succeeded in solidifying 
mercury by using solid carbonic acid instead of Ihe sulphurous acid 
employed in Boutiguy’s experiment. 

If the surface of the heated metal be Hattkh* so that lateral 
escape of the vapour is impeded, it will buret up through the 
centre of the drop; and it sometimes happens that when the 
vapour can escape laterally it issiie-s in regular pulses, w r hich throv 
the surface of the drop into beautiful undulations, As the icmpern- 
tnre of the metal falls the vibration of the drop subsides till it becomes 
motion]^; it then suddenly spreads over the metallic surface with a 
hissing noise. Contact is now established, and the spheroidal condi¬ 
tion has terminated. 

The mode of asperunent may be reversed. The heated capsule 
may be placed afloat on iho surface of a basin of hot water. While 
the capsule is hot it flouts silently on the atirEaee of the water sup¬ 
per ted on a cushion of vnf^our. 

1 Boutigny, Ann, dr Ckimi* it ^ /%*- V «ri* t tom- is. p 250; tom* xi- ! 
io nu, xxriL p, 54 ; tom. xxviiL p« 17& 

3 Bcrtfitf, -Pffjjp, Ann. tom. txix, p. 594, 13A3. 
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I he first observation of the spheroidal state is attributed to 
Leiden frost, but in some of its forms it must have been known from 
very early time*. The laundress's mode of testing the temperature 
of a smoothing iron by means of a drop of water is an example. A 
white hot iron may be licked with the longue without injury, contact 
with the metal being prevented by the vapour do veiled. Similarly 
the baud if wet may be passed through a stream of tuolfen metal, anil 
sol ini ear l)oi do acid may Iwj placed in the mouth without injury. Many 
escapes from fiery ordeals are perhaps attributable to the same pro¬ 
tective influence. After the hand has been moistened with ether it 
can be plunged into melted leaf] without experiencing any extreme 
sensation of heat. 

i he use of a heated metallic surface is not essential to the produc¬ 
tion of the spheroidal state. The only necessary condition is a aU ffi 
vientiy elevated temperature. Liquid drop may assume the spheroidal 
stare oil the surface of another liquid which is sufficiently hoi ; and 
solids such as carbonic acid snow, which vaporise without liquefaction 
assume an analogous state when placed »u a surface whose temperature 
is sufficiently high to vaporise ihem with the necessary rapidity. 

That a liquid drop in the spheroidal state is supported on a 
cushion of its own vapour is confirmed by the experiment of Budrle, 
who found that in the exhausted receiver of an air-pump water 
assumes the spheroidal state at temperatures n* low as «Q or SO 
C. In this case the vapour pressure under the drop is only that 
n'Cflfeh-iry to the supjwrt of the drop, whereas in air the vapour 
pressure undo) the drop must support i he drop and the atmospheric 
pressure as well. 1 r 

It has been shown by K. S. Kristense.i - that the heat radiated by 
the dish w a drop m the spheroidal slate is not sufficient to account 
for the phenomenon, but that the heat conducted through tl le vapour 
must also be taken into account. The investigation shows that the 
hftat conveyed in the 3Jitter manner preponderates. 


1 [Thtf explication fottnarly giTfln, i>. t\rn VU*mr u ef’tiiJrirtrH raiiifilu n- 1 , 1-1 ► 
\ to,. (. to ipl.PloMal „ U. top .„. ,7-£ «StoT,X L7“ 

[|f!tp, l< iMilrqUele U >Msomit for tho lects, ]Ur. R, ,f. Moss f/v,*- 

1S77 ?«, p. 87) found tbit.Irop* «rcoUI ether would Host on worm nWr ^ddr^* 

of meltH .wrsma » a be, rilvor, Jet, The ** a^rfiS S£ & 

°LT^ 7 *" BtW uf ,Ls and lh* ^tld 

produetmn «r ctumr is act .-onitUl, hulo* tho pornOTh wee M not t „ C, w 

«c,ght after t ,0 exp.rm.eiiL Tho .**» of presMirt in the vapitar w M J 

Jre f 10 1)11 l(tLs *° "»«!«« kreotion of. similar nature to tlivt wt.^h " 

durioif tho Ihcrmoi tie anjd reii,. Ib of fe ^ t4 ffie# BBlt Arl “, * ,tlJl1 *Wd«» 
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189. [Thermal Transpiration of Gases. The pissugc uf gases 
through narrow tubes, and through porous septa was studied by G raham. 
He found that the rates of flow of gases through a porous diaphragm, 
such as a thin plate of graphite, arc inversely as the square roots of 
their densities, if their temperatures and pressures are the same. 
This is Graham’s law of diffusion, and according to the kinetic theory 
is equivalent to saying that the rate of flow is proportional to tk 
molecular voted ty. G raham found, however, that the passage of gases 
through capillary tubes or thick porous walls did not follow any aueli 
simple law, in fact, he obtained different laws of motion with plater, of 
different coarsened and with plates and capillary tubes. To the motion 
of a gas in such cases the name ifampiratUm has been given. In 
Graham’s experiments transpiration was produced by a difference of 
pressure in the gas on each side of the. porous partition ; he does not 
seem to have suspected that a difference of temperature might have a 
similar effect. That such is the case was discovered by Professor 
Osborne Reynolds, who designated ihe phenomenon hv the name of 
tktrwai iranspin^iw^ 

For instance, in one experiment Professor Reynolds enclosed 
hydrogen in a vessel divided in the middle by » plate of meerschaum, 
the temperature* of the portions of gas on the two sides being main¬ 
tained at IT and 100' C. respectively, while the pressures were 
initially equal. In this ca» hydrogen was found to pass from the 
cold to the hot side of the partition until, when equilibrium was 
established, the pressure on the hot side was greater than that on the 
cold side by nearly 1 inch of mercury. The same effect was observed 
with air, but the difference of pressure was less. 

To understand why this difference of pressure exists let us con¬ 
sider the simplest caste, that of a cylindrical vessel lit (,1'ig . ° ne 



kept cold. Suppose, in the first instance, that Vi-—--V 

the gas is sufficiently rarefied for mutual on- *'*’ 

counters to be infrequent compared with the impacts of molecules wit 
the walk of the vessel. Let a molecule strike the end H perpen¬ 
dicularly with a velocity tt and rebound with a velocity u, these 
velocities king those characteristic of thB temjieratiires of the 
ends. The change of momentum is /n£« + «0, if i» tto 1!1M3 c ' 
the molecule. If now the molecule arrives at C with the velocity «r 
and rebounds with the velocity »’ the change of momentum is again 
,n/ w + «'). Jn such a case, then, it would scum at first sight as though 
the molecules would he equally distributed throughout the space and 
i Osboruo Bey Miffs, FA#- Tram. A., 1S7». StirMiJit Pal***, vel. b 



352 


THEORY OF HEAT 


CHAP, v 


vrouJd exert equNj pressures nti [[ and C. But if the molecules should 
.'trike the Bide* of the cylinder nit their way, hu as to give up part of 
their momentum to ih&se sides when travelling in the direction Hi: 
and receive increased momentum when travelling in the direction CH * 
or, in other words, if the cooling and heating of the gas is effected, in 
part or iti whole, by the side walls; then thu molecules will arrive at 
H with a velocity greater than and at C with a velocity' Jess than ■«, 
so that the pressure on H will be greater than that on C, arid the 
ejfccsa of pressure on El over that on V will he exactly balanced hr 
a tangential stress over the curved surface of the cylinder. The 
molecules would no longer be equally distributed, for they would 
bjmiihI more t ime at the reld end owing to their slower speed, and thus 
the density won Id bo greatest at the cold end. 

Let us now consider the effect of altering the dimensions of the 
cylinder. All increase in diameter would diminish the proportion of 
collisions with the sides as compared with those at the ends, so that 
the difference of pressure between the ends would be lessened. An 
increase of length Ixyond that necessary to ensure the complete heating 
or cooling of the molecules :is they jmss from end to end would have 
no effect in augmenting the difference of pressure. If the density were 
increased, the frequency of mutual collisions would be increased also 
in other words, conduction of heat would take place chiefly through 
the gas and this would tend to equalise the pressure, the niwe violent 
collisions with the hot end of the tube being made up for by the 
greater number of collisions with the cold end. Thus the difference of 
pressure would he most marked in a lino capillary tulx*. f pl A W i<j e 
tuho at ordinary pressures the effect would be quite inappreciable, not 
only because the transfer of heat would be almost entirely by mutual 
collisions, but also because it would be impossible to avoid convection 
currents due to gravitation. J„ the case of a porous pkre separating 
two |K»rtionB of gas at different temperatures, wo may regard the plate 
as equivalent to a system of fine capillary tubes. 

An important result established by Professor Reynolds is that 
gwes transpiring tlirough different plate* behave jr. the same manner 
provided that their densities are in a fixed ratio depending on the 
nature of the (dates. Thus in the ease of transpiration of air caused 
by pressure, similar results were obtained with stucco mid meerschaum 
when the densities were in the ratio 1 ; 5-fi, Also, in the case of 
thermal transpiration, similar results wore obtained with the stucco 
a«d meerschaum plates when the densities were in the ratio l : fi jj. 
The same ratios were obtained when hydrogen was tised instead of air. 
This fact forms a valuable confirmation of the kinetic theory of gales, 
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according to which w should expect that with passage* of different 
sizes the distances separating the molecules would be proportional to 
the diameters of the respective passages "hen the results are similar. 
The discrepancy between the numbers 0 6 and •* m the two rate* » 
probably due to the altered condition of the plates "hen heater . 

190. Crookes's Radiometer.-This instrument, invented by Sir W. 
Crookes, is represented in Fig, B2. It consists of a very light vane 
coiiBtmeted of thin mica discs or lozenges fastened at 
iho emits of fniir arms of aluminium wirc p iho \v\m\u 
arranged to turn very freely about a vertical a sis and 
enclosed in a glass vessel which is highly exhausted. 

Each of the mica discs is blackened on one side, Chi 
exposing the radiometer to sunlight or any convenient 
source of radiant, heat, the vane revolves iu such a 
direction that the blackened faces are always receding. 

The explanation of this phenomenon will be 
readily understood from the reasoning in the pre¬ 
ceding article. The black face. absorb the rays 
which they receive more readily ihsu the reflecting 
faces and are consequently the hotter of the two. 

The pressure is greater Ofi the liotter black faces 
than on the others, owing lo the greater velocity 
with which the gas molecules rebound. In this cams 
the tangential reaction is on the fixed walls of the containing vessel. 
It has been already remarked that the difference iu pressure due to a 
difference of temperature between the ends of a tube containing gu-s 
at ordinary pressures would not bo appreciable unless the tube were 
verv narrow In the radiometer the spaces occupied by the gas are 
not narrow, but the gn* is highly rarefied, so thru the distribution of 
molecules is proportionate to the size of the vessel. At higher 
pressures the vane revolve* in the opr-site direction owing to convec¬ 
tion currents. With smaller vane* the rarefaction need not be pushed 
so far Professor Reynolds obtained a repulsion effect at a pressure 
of half an atmosphere by using n «Uk fibre instead of a mica disc. 
Professor Reynolds .also obtained radiometer motion in a vessel 
filled with saturated water vapour at ordinary temperature*. A 
vessel of hot water repelled the wings of the vane and a piece of ice 
attracted them. It. this case the effect was caused by condensation 
taking place on the sides which were cooled by radiation and by 

evaporation from the heated sides.] 

191. Evaporation from Solids; Sublimation. — Of the three 
states of matter the liquid forms a connecting link l*tweo» the solid 

9 A 
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and the gaseous. Solids when heated generally into (he liquid, 
and then into the gaseous condition. Solids may, however, pass 
directly into the state of vapour without apparently passing through 
the intermediate stage- that is, solids evaporate. Ice and snow, as is 
well known, gradually evaporate; and in the Arctic regions this is the 
only manner in which evaporation can occur* Carbonic acid buow 
w hen exposed in tho air rapidly passes off into gas. and can only with 
difficulty be liquefied in an open tube. 

In these cases vaporisation occurs at the surface of the solid, and 
the process is termed sublimation. A liquid boils or {tames into vapour 
at a tent]«rature at which the pressure of its saturated vapour is equal 
to that which the liquid supports. If now the pressure of the vapour 
of any substance at the fusing point is equal to or greater than one 
atmosphere, then this sob*tonce will not exist under atmospheric 
pressure in the liquid state, for ns soon ns the solid molts the liquid 
will pam olT into vapour, Boiling will thus, as it were, occur at the 
surface of the solid. This will always occur at a given temperature if 
the pressure is less than that of the saturated vapour of the sub¬ 
stance at. this temperature ; hut if the pressure la* greater than this 
value the liquid form will be jrtssible, and melting will occur if the 
given temperature is above the fusing point. Thus arsenic volatilise* 
without melting under the atmospheric pressure, but if the pressure is 
increased, fusion may be effected; and Carnellcy 1 showed that mercuric 
chloride and camphor do not melt below a certain pressure peculiar 
to each substance, and which ho proposed to call the critical pressure. 

Thi- subject has been investigated experimentally by Pro- 
lessors lfnmsay and Young,- their object being to determine if solids 
have definite volatilising points under different pressures just Z 
Mquids have definite boiling (volute. Bv the term volatilising is 
here implied a condition of the solid analogous to that of a liquid 
when it is raid to bo boiling, and not the mere pissing off into 
vapour analogous to evaporation in liquids. The volatilising point 
of a solid under a given pressure is the maximum temperature at 
which it wilt remain in the solid suite under that pressure. The 
experiments with camphor were characteristic of the whole series 
Kome camphor was congealed round the bulb of a thermometer which 
registered its temperature. The thermometer with the solid camphor 
thus surrounding its bull* was inserted into an air reservoir in which 
the pressure could be varied by menus of an air-pump, A tuhe led 
from the reservoir to a condenser placed in n freezing mixture. At 

* (mn- .VrefiiK fur I$81 Jiml 1882. 
v \V\ Itommy and S. Y<*wg, nut. 7W„ 19S4, j. „ ; t7 
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low pressures the camphor vapour passed ovur into the condenser, but 
a, somewlint higher pressures it deposited in the connecting tul>c r show, 
jug that at these pressures the vapour was much nearer its condensing 
point. When the pressure was increased tu 5T0 mm, the camphor 
melted, and a liquid drop hung from the end of the solid camphor 
coating the thermometer; but when the pressure was again reduced 
to 358 mm. this drop solidified 

]92r -Cold produced by Evaporation—Freezing Machines. 
Evaporation is always accompanied by the disappearance of heat, and 
for this reason a liquid caiiTiot continue to evaporate and at the same 
time maintain its temperature unless it is supplied with heat from 
some source. A liquid evaporating in an open vessel placed in a room 
at uniform temperature must therefore he at a somewhat Sower tem¬ 
perature than the room. There is a gradual flow of heat from the 
room into the liquid to supply the place of (hat which disappears or 
becomes latent in evaporation. If the supply of heat he cut off while 
the evaporation is caused to continue, the heat necessary far the eva- 
jmraiion will t»c drawn from the liquid itself, ami its temperature will 
full accordingly. It is dear, therefore, that if rapid evaporation he 
forced by any mean* while the liquid at the same is, « fj ir :u> 
possible,'prevented from receiving beat, the temperature of the liquid 
may he reduced to its freezing punt, and solidification may lie brought 

about- as a result of tho ev^porilicn- 

This w:is first effected in the case of water by Leslie , 1 The 
apparatus ■ is shown in Fig- 93. A small 
capsule B containing sonm water Kll I h 
ported over a dish A tilled with suljilmrit 
acid T and the whole is placed under ihe 
receiver of an air pump. On ediwistiug 
the receiver the; pressure is diminished, 
and as a consequence the water evaporates 
rapidly and begins to boil when the prefer 
sure is sufficiently reduced. The evapora¬ 
tion iB greatly Militated by the presence 
of the sulphuric acid, which absorb* the 
vapour almost as rapidly as it ifi formed. 

The temperature of the water is thus 
quickly reduced, and it ultimately solidi- 
iies h presenting the curious spectacle of a 
liquid freezing in the aet of ebullition. 

A freezing machine has been constructed by SI Cam* on this 
1 LftiifCt Chimr, t* *£r. tom. lxdlL p. 177. 
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principle by Tivliii;h considerable quantitics of water may be frozen in a 
short time, The water to be frozen is contained in & flank (Fig. 94 )„ 
which i* attached by means ut a tube to a cylindrical reservoir, made 
of an alloy of (cad and antimony, and containing strong sulphuric acid. 
From the further end of the sulphuric acid c ham Ivor, n tube leads to 
the vertical cylinder of an air pinup* A rod attached to the handle of 



the pump works a stirrer which keeps the acid in agitation, and bv 
!lm* presenting fresh acid to the vapour hastens the evaporation. 
Tlio | hi mp U worked till freezing begins and the acid being in 
constant agitation, thu vajjour U rapidly absorbed by it. -Once freezing 
has commenced, the pump is worked wt intervals to Mir the acid 
The rate of freezing rleptindi on ihe strength of the add, and when 
this laconics diluted it must he renewed 

A no! her instrument for showing the Modification of water by 
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evaporation is WaUaatoa’f (Fig. 95), which tonsiFta “f a 

bent glass tuba furnished with u bulb at each end. Seme water taut 
first introduced uttd boiled, so as to expel all the air, arid the apparatus 
in then hermetically surdcd, £0 that it contains 
only water and water v&poux, that is wat&r tin tier 
a small pressure at ordinary teinpiratiire^. ^ hen 
it is desired to solidify the water it h all placed 
i ei one of the bulbs, B, and the other bulb, A„ 
is immersed in a freezing mixture, The vapour 
rapidly condenses in A, and is ha rapidly foi tut^l 
in B. The cooling produced hi IS by this rapid 
evaporation is sufficient to cause solidification of 3ii - h - 

the w ! Literi 

By using liquids more volatile than water, a Umpwimtn much 
lower than the frying poim of water may bo obtained Thus by the 
evaporation of sulphurous add, which boils at - Id L. h or with 
chloride of methyl, a temperature low enough to freew mercury may 
be easily obtained. By directing a jet of liquid ^bwiic acid on the 
bulb ot an alcohol thermometer the rending of the instrument whs 

reduced bv Thiloricr to - 10U C C. 

Another form of freeing machine, also manufactured by M. Curie, 
depends upon the distillwiion and subsequent evaporation of ammonia. 
The apparatus consists of a hoikr A (Fig- 96) which contains * 




strong solution of ammonia. This boiler is connected by a tube t to 
a slightly conical vessel DD called the tmy r, und * brace binds the 
tw firmly together. These vessels are emde of strong f?dvanised iron 

1 Cut£* (tempi** firmhii, Dcreffibor Ji, 1BC0. 
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]p|utsf, and can bear a pressure of 7 at ms. A tubufare inserted in the 
Upper pirt of the lioiler is filled with oil and contains a thermometer. 
1 he freezer DO consists of two concentric chambers, and it is only the 
sjtave between these that the tube C commit ideates with. The inner 
chamber E receives a metal vessel containing the water to be frozen. 

The process of freezing necessitates two distinct operations, ( rt ) 
The boiler is first heated to about 130* over a furnace, while the freezer 
i» placed in a hath of cold water. The Jiinuionia gas is thus expelled 
from the solution in the boiler and condenses under its own pressure in 
the jacket of the freezer together with about one-tenth of its weight of 
water. \\ hen sufficient gas has been thus condensed, the second purl 
(fi) of the process is commenced. This consists in placing the boiler 
in u cold water bnth, and the freezer outside covered with fiannel or 
other non-con duel nig stuffs, m> that it cannot receive much beat from 
surrounding objects. The cylinder K containing the water to be 
frozen is then placed in the interior chamber of the freezer. As die 
boiler cools the ammonia gas dissolves again in the water, and the 
liquid ammonia in the jacket of the freezer rapidly evajmi-nte*. 
[fin ing this distillation, the temperature of ihe freezer fulls, and the 
water in its interior chamber is solidified. In order to secure better 
contact, between tins water cylinder and the aides of the freezer, alcohol 
is poured in between them. I ll about J J hour a compact cylinder of 
ice is obtained. The apjuirutus represented in Fig. 9<j gii- cs about 
i lbs. of fee par hour at the cost of one farthing per jioimd- Large 
continuously-working forms of apparatus which produce 800 lbs. of 
ice per hour have, however, been built. 

193. [Liquefaction of Gases —The liquefaction of a g** j B 
favoured both by increase of pressure and diminution of temperature. 
Amlrows' experiments on carbon dioxide have an important bearing 
in this connection (see Art. 234). He showed that no amount of 
pressure would liquefy this gas if the temperature were above 31 C. 
while be low this temperature the gas would condense to a liquid under 
a pressure w-hich was never greater than 78 atmospheres, and wan less 
the more the I cm pi-ratin e was reduced. For every gas there exists a 
temperature, called ita eriiirai fsmperafnre, below which it. must be 
cooled before it cun be liquefied. Many gases can be liquefied by 
pressure alone at ordinary temperatures. The first instance of (his 
was in Ihe case of chlorine, which was liquefied In* Northmen* 1 in 
1806. Faraday * subsequently liquefied a large number of .-ases 
using a bent glass tube closed at both ends, (me limb containing 

* AVfofWs Jnumut. vioL iji p, 36?, 
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materials from which the gns w'aa disengaged by heat, while the other 
limb—.which iti some eases whs cooled by a freezing mis! Lire—served 
to collect the liquid which condensed under the pressure of it® own 
vapour. Iu this way carbon dioxide and nitrous oxide were liquefied, 

Oxygen, hydrogen, nitrogen, and a few compound gases resisted this iUe*i<lr. 
treatment. 

Oxygen was first liquefied by Coilietet 1 in 187J by compressing Oxygeu, 
it to about 300 atmospheres ih a strong capillary glass tube cooled to 
39' 0. and then suddenly relieving the pressure. The gas was 
cooled to the point of condensation by the resulting expansion and a 
thick mist was seen to form. Oxygen, nitrogen, and air were after¬ 
wards liquefied by \Vroblew L ski, Oluxswski, and Dewar in sufficient 
quantities to study their properties, the gas being compressed in a 
vessel cooled by liquid ethylene boiling under reduced pressure. 

In ]g84 Wroblewekt obtained a mist of liquefied hydrogen by Hir4m««. 
Caillotofs method, cooling the tube to the temperature of liquid 
oxygon before exjwusion, Iti lffS5 Olsxewski obtained sufficient 
liquid hydrogen in this way to make an estimation of it* tempcraturc- 

This method of sudden expansion does not admit of the continuous 
production of liquid, For this purjmse the gaa must be cooled below 
its critical tempera Hire under a pressure sufficient tor liquefaction. 

Hydrogen cannot, however, bo liquefied in this way, as its critical 
temperature is - 234'-5 C., which is a lower temperature than can 
bo produced lit boiling oxygen under reduced pressure. 

Lord Rayleigh and Kamerlingh Onaes have suggested inde¬ 
pendently that it might Iks possible to liquefy hydrogen by allowing ir 
to do work by expanding in a heat-engine driven backwards (*ee Chap, 

Vm). The mechanical difficulties would, however, lie very great. 

There is another method, however, which, though thermodynamic- t-wllag l-y 
ally far loss efficient, is, owing to its simplicity, well adapted to the eipfuibiob. 
purpose, li was shown by Joule and Sir William Thom son iu 1832 
that when a gas expand)! without doing external work it is slightly 
cooled, except in the case of hydrogen, which is warmed. This 
phenomenon is known as tke .Tonis-Kelvin effect. Llampsou in 
England and Linde in Germany first suggested that this property 
might be made use of for the liquefaction of air, In 1900 ln>f. 

Dewar- showed that hydrogen when at a sufficiently low tenijHjraturc 
is also cooled by free expansion,* Iu this way he obtained liquid 

1 L’vmpir* /irotfus, 7o|. Ism. I*. SIS, IBiS. 

a Chemkt.il tftwtj ilarth IBQtf- 

a TIi* teiiifkafttiin nf in vernem of the Jqule-Kelvin effect for hydrogen ha* taeia 
Found by Oldcc wski to tar - ^ "S G. (ms A ri, ). 
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hydrdj'eTi in {[iwtitity. Air cun be liquefied by ike Humpsof! -Lindtr 
process without previous cooling below norma] U'tii^niliirw, 

The essential parts of the improved form of apparatus used by 
Dr, Travers 1 for the liquefaction of hydrogen are shown in Fig, 97, 

Hydrogen is generated on a large scale in 
the usual way from sulphuric acid and sine. 
The gas is compressed by a pump to about 
150 atmospheres, and the boat developed 
during compression is removed by j wowing 
it through wile immersed in water. After 
being purified by passing through n water- 
se|jaraling cylinder and a cylinder filled 
with caustic potash, it enters the litpiefier 
Jtt e, its temperature lacing that of the 
atmosphere. The tube o leads to the 
bottom of a regenerator-coil C T which con- 
sists of a great length of narrow copper 
tubing coiled in layers of Hat spirals. As 
ibo interstices between the coifs are filled 
with a descending current of the cooled 
hydrogen which is issuing from the appara¬ 
tus, the entering gas, as it posse*up through 
the coil C, in cooled to about - 170 C. f and 
at this temjKtrature it enters the refrigerat¬ 
ing coil in the vessel A, which is kept con¬ 
tinually replenished with liquid aj r ; the 
temperature bet tig here reduced to - HKFC. 

1 be hydrogen then pouts through a second 
refrigerating ceil in the chamber B, which 
is closed and connected with an exhaust 
pump by (li u piptf tj ; liquid zsir flows continuous I v from A to B 
through .a pinhole valve cun 1 rolled by the lover ! t and, boiling under 
a pressure of 100 mm- of mercury, lowers the temperature to ^yo c C. 

J he gas now panes into the regenerator-coil 1); it escapes at the 
valve r, expanding suddenly and lowering the pressure to one atmo¬ 
sphere, and passes up through the interstices of the coil D then 
through an annular space surrounding the chambers B -^d \ , lTlt i 
finally Hows downward* through the interstice* of the rogenen, tor-coil 
C, cooling the entering portion as already mentioned, and issuing at 
j», returns to the compressor at a teuij»rature onlv* two or thrtu* 
degree* Inflow that of the atmosphere. " r 

J mK Ma *> A J ,ril ’Ml > MU", rot. krii, p, «3, ,5*3. 
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The sudden expansion hi * cuols the gas still further bo low -UO , 

And as it liases upward it lowers the temperature of the nest portion 
doming down the coil D t which in its turn is cooled to a still lower 
temperature by expansion, and exerts n stronger cooling effect on the 
next portiuTL This goes on till finally the jjhu [inrthdly liquefies in 
the vacmim-voBwl n. In order to collect the liquid another vacmini- 
vessel r- is supported below- n within the vessel dd. 1 he latter is a 
brass cylinder with two glass window s placed opposite each Other, ami 
U lined with glass cylinder* to shield the receiver c from external 
heat ■ it is secured to the upper section of the casing by nuts and 
screws / which compress a rubber washer between the flanges of the 
joint, The vessel dd being thus rendered gas-tight, the flow of liquid 
hydrogen into c can be regulated by a stopconk (not shown in the 
figure) which controls, the pressure in dd, The Bow of liquid hydrogen 
into r can be watched through the windows. At first, a small quantity 
of white solid is debited on the inside of t, probably consisting of 
air and arseuiuretted hydrogen, but the gas becomes purer after cir¬ 
culating once or twice through the apparatus. The hydrogen is 
filtered through a piece of baize in the bottom of n ami flows out in 
a fairly rapid stream into c as a clear colourless liquid. To withdraw 
the gas-tight stopper r in the bottom of dd is removed, and r is 
lowered. 

Very good heat-insulation is necessary for the success of this ex¬ 
periment, A and B are kept cool by the cold hydrogen passing up 
round them, outside which are two vessels packed with sheeps wool, 
B and D are protected by the vacuum-vessel an. These vacuum- 
vessels are double-walled glass tubes, the annular sjiiicc between iIn- 
two walls being highly exhausted. 

The valve t is of a special construction to prevent clogging with 
solid impurities. It is regulated by turning the milled head k 

Before commencing the experiment it is necessary to cool the 
regenerator-coil D to the temperature tii liquid air, 1 his is done 
by closing the stopcock f and putting the interior of the apparatus 
in connection with the exhaust pump by opening the cock « ; 
liquid air is then drawn through the coils till they are sufficiently 
cooled. 

The temperature of liquid hydrogen is about - 252°‘7 C. By 
causing it to boil under reduced pressure Professor Dewar succeeded ill 
freezing it to a foam like solid. A further quantity of the liquid 
contained in a tube, and immersed iu the boiling hydrogen was frozen 
to n transparent ice. 

The only substance which is not solidified at the temperature of 
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liquid hydrogen is helium. This gas doss not liquefy even when 
cooled to About 10 lower by surrounding it with solid hydrogen 
evaporating under reduced pressure and suddenly diminiehirbg the 
pressure as in Caillatet'* experiments, It wsw liquefied by Kanierliugh 
Climes 1 in 1&0S, Its boiling point at atmospheric pressure is 
- 268 s ‘6 C.] 


Latent Heat of Vaporisation 


!B4, Earl) Determinations.—The latent heat of vaporisation of 
a liquid ordinarily means the quantity of heat necessary to convert 
one gramme of the liquid at the boiling point into suturated vapour at 
the Kitnc temperature and pressure, 

The experimental investigation of latent heats commenced with 
Black and culminated in the work of fiegnault. The method first 
employed by Black ■ was both primitive and interesting. *A tin vessel 
containing water was set on a red-hot iron plate placed over a tire and 
kept at a steady temperature. The rate at which the teiuj>erat!ire of 
the water rose was carefully noted, and the quantity of water in the 
vessel being known, this gave the quantity of heat gained by it per 
minute. The time was then noted from the instant the water com¬ 
menced to boil i ill it all boiled away. This gave the quantity of 
heat received during complete vaporisation. The result obtained by 
this rough method was -IfiO, thaL is the quantity of heat necessary 
to convert a pound of water at the boiling point' under the pressure 
of the atmosphere into saturated vapour at the same temperature 
and pressure would raise the temperature of 4 50 pounds of water 

1 c. 


S^ome time afterward* Irvine*at the invitation of Black, employed 
the method of condensation in a calorimeter, and found the number 
430, Afterwards Watt, also at the request of Black, investigated 
the matter much more carefully, and found the number 633 fo r T he 
latent heat of steam. This number is tolerably close to the best 
recent results, those of Raguault giving 53 *5. The apparatus gener¬ 
ally employed before this time of Kcgnnuli wa> similar lo th>u shown 
in Fig, 08, and was not designed to give the accuracy attained bv 
recent experimental research. The liquid was boiled in a retort C 


’ Ah account of the "xpMUuents (Ukoa from tlw u f t |, ( . Rovil 

Acsijfwy of Amsterdam, is given in Aatnrc, Aug, 1V0S. 1 

$ Btauk h Ixtfuru un Chi mi dry, vul. j r j,. 

’ J*%</«(*%, vol. iL. »h«™ otlisr ™,ij deUnniftatiena 

4-Fv ■-:! I-£hj . 
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furnished with a thermometer which registered the temperature. The 
vapour dist.iili.Ml ever and condensed in a spiral tubo immersed in the 
water of a calorimeter. 

Tw o modes of procedure 
it re now open for adop¬ 
tion. The spiral may 
open into a ves*t. l l situ¬ 
ated outside the calori¬ 
meter into which the 
water drips as it is con¬ 
densed, or the spiral may 
terminate in a closed 
reservoir H situated in 
side t h e e&! onmcter w here 
the water collects and is 
drawn off at the termina¬ 
tion of the experiment. 

Let be the weight of liquid arising from comlflUMiionj $ \l& 
specific, and L its latent heat. Let 0 be the temperature of the vapour 
at its condensing jMsint, the initial* and lhe final temperature of 
the calorimeter. The heat given out by the condtiiBation of the weigh l 
w of the liquid will be ffL, and if the liquid thus coudenied be allowed 
to drip away from the extremity of the condensing cube into a vessel 
situated outside the cal or i me tern the liquid first, condensed will fall to 
^ if the spiral I.hj long enough, and that condensed at the end of the 
experiment will fall to so that the whole liquid condensed may be 
taken to have fallen to the mean tenijHjrature j(^ + $$) of the calori¬ 
meter during the experiment. The heat given out by this cooling of 
the liquid w ill be -r tf«)]. Also if W be ihc complete water 

equivalent of the calorimeter and water contained ^ the heal gained by 
the calorimeter will he W(0_, - that if B be the radiation correction 

wh + w*\# - 4£tf, + m = tf x )+ It 

If be known, this equation gives L directly, but if s be not known, 
another experiment in which ^ and ^ arc different will give ub 
another equal ion containing L and and by means of these two 
equations both L and t may l.»e determined. 

It is better to collect the liquid in a reservoir attaehod &o the con¬ 
densing spiral, and situated inside the cal on me tor» In this ptse ;lL! the 
liquid condensed attains ultimately the final temperature of the culori- 
mctcr t bo that the equation becomes 
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An experiment conducted with thi& farm of apparatus is subject 
to many sources of error, fur the vapour in pacing through the neck 
of the retort leading into l lie calorimeter may Hjecouie | surtia 11 v con¬ 
densed and arrive in the calorimeter deprived of |«a.r| of its latent Heat, 
rhis will lead lu too sumll a value in the determination of L, and 
may be pirtiatly nvotil^l by doping the nerk of the retort upwards, 
30 that any liquid condensed in the neck of the retort may run 
hack again into the ladler* Heat also prases over to the calorimeter 
by conduction through the connecting tube, and this increases the 
value of L ; bat there h no reason why the dim mu lion arising 
from the former error should be exactly counterbalanced by the 
latter: 

Evidently the vapour tube should be wo arranged that any vapour 
which condenses outside the calorimeter should remain outside, and all 
that comkiises inside should remain inside. Want of precaution iu 
the former respect leads to too low a value of L, and iu the latter too 
high. It h probably for this reason that Hum ford obtained such a 
high figure as 157 3 for water vapour. Itaspreb: 1 subsequently found 
n 10, and Brix,- who closely discusses the source® uf error, obtained the 
same number. 

Tp to the time of KegnauU a work on the latent heat of water 
vapour it whs generally admitted that the fatal* heat of water vapour 
w*tt> law. was independent of the pressure. Watt considered it established by 
his experiments that the quantity of heat required to convert a given 
imms of water at zero into saturated vapour wsls the same whatever 
the pressure of the vapour might be r and this supposed property was 
known b& Watt's law. Later experiments by Clement and Pesoinies 11 
in 1 SI 9 appeared to confirm it> so that the law became generally 
admitted on insufficient evidence, pcrhaiM because it was very con¬ 
venient iri many calculation* concerning the sLeain-engine. Several 
attempts were also mode to deduce it theoretically. 

Another law, namely, that the latent heat of vaporisation was 
constant, wn# proposed by Creighton and Southernin 1803. This 
was known m Southern^ Law* 

lliat lioth laws are incur reut w m shown subsequently by Ueguault, 
jis will appear from the account uf hk uxperiment* given in Art 197, 

1 Anrt r dt GkimU t tivtri. aciiv, p. aaa^ 1^31 
3 /^. vfwn. Vo!. It. \k $41. 

3 TIib MjTOMian "tot a] l.eit" fa.u .Itbravfatwn for tlw quantity uf hut ta\aimi 
la «»r«t unit of tint Hijiiirl #t tljt Owning (mini into *nturmta! v»noui m 

ittj other Irlupemturv. 

* Tbeaard, Trait t d< VkimU r Uhtu i ji, ^K, 

& llubisQII, Phifouyphtf t iryj, i[ ^ J{K), 
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J9&. Berthelot's Apparatus.—M. Berthelm ha* shown that many 
of the error* attending the early method of exiierimenting may In- 
avoided by means of the apparatus shown in rig. 99, by me,in* of 
which the latent heat of a vapour may bo rapidly and accurately 
determined without having recourse to the elaborate apparatus and 



precaution* employed by M. Regnault. In M. Fmhclot's upparatira 
tho 11:19k containing the liquid under examination i* heated by a 
circular ^burner f T burning under a metallic disc m, Tho centre of 
the flask is traversed by a wide tube TT, through which the vapour 
descends into the calorimeter^ where it condense* iu tho spiral SS 
and collect* in the reservoir li. The calorimeter is placed inside a 
I Com^, fiend**, tom. b-«v. r . 047 ; sad Jmrml d* a*tfn* tew* vi. 

^ s fit would mhvd juivissble to iatwdnee n tlcere of intoUtfng maforinl isuwc™ 
the g!„i, t.il.t TT *ml the Imrwr i" tins ippsnfaut, to prevsni n su|*r- 

liHtlng flfLbp vjtpoor.J 
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watersold is protected from the radiation of ihe burner 
hy a slab of wood covered hy a eheet of wire gang**, By mean* of 
ihia arrangement partial condensation is avoided I before the vapour 


FI*. 100. 

enters the cnloriinetei , ? arid the cimr arising from conductivity 16 
corrected by observation of the motion of the thermometer placed in 
the calorimeter before the distillation commence* and after it in eom- 
pklotl The weight of liquid condensed is aliout 20 to .20 gr. at most, 
and the time occupied is only from 2 to 4 minutes. By thin means 
M, Bert helot found for the latent heat of water the value fi3fl-2 s 
whereas the elaborate investigation of Eognadt gave 536*5, The clo^e 
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agreement here shows the value of the apparatus in combining speed 
with accuracy, and it consequent may be u&ed to determine with 
sufficient precision the la lent heats of rare organic liquids 

|96, Wet hod of Superheating:.—The greater part of the exact 
investigation!* have been made by limiting the vapour above it* con¬ 
densing point before it imsscs into the calorimeter, and in this case the 
specific heat of the vapour, as well as that of the liquid, uppc&ra in the 
equation which determines the sped tie heat. Let, aa before, the tern 
pern Lure of condensation of the vapour be while tbe initial aud 
final temperatures of the calorimeter are 9 % and ^ Let the vapour 
entering the ■calorimeter he superheated at the temj>enitutc ond 
let the specific heat of the vapour bo uv The quantity of heat given 
out by the vapour in cooling from ff touts point of ceudemsation 0 is 
idr (0 - V), 60 that the equation for L becomes 

wff{e h - wL + wti* - 0 t ) •= W fa - *i) + K 

supposing that the condensed liquid is all r eta mod in the calorimeter 
and attains the final temperature Three experiments in which 
the temperatures are varied give its three eqnations to determine L, «r, 
and s, It U here supposed that cr is constant* This is not the case 
with non- saturated vapours, and for the range hero employed «r repre¬ 
sents the mean specific heat of the vapour. 

197. Regnaufi's Determination Of the Latent Heat of Water 
Vapour, —The problem which Rognault jiroposcd to himself was tho 
determination of the Mat hcaf of saturated water vapour at divers 
pressures— that is, the estimation of the quantity of heat necessary to 
convert unit weight of water at 0 : C, into saturated vapour at any 
pressure. 

The apparatus by means of which this investigation was conducted is 
shown in profile in Fig* 100, and front view in Fig, 101. The vapour 
was generated in a strongly made boiler (Fig. 100)of 300 litres capacity, 
which contained about 1 50 litres of pure distilled water. The vapour 
accumulated in the upper part of lhe hoiIer # and there entered a 
serpentine tube, enclosed within the boiler, the open end of which 
projected above the surface of the water. This tube carried the vapour 
from the boiler to the calorimeter K n and in the interval between the 
two the tube was furnished w ith a steam jacket T, the outside of which 
was well wrapped in non-conducting woollen stuff. By this means the 
vapour entered the calorimeter saturated, but quite dry, that is, free 
from mist. The temperature of ebullition waa indicated by thermo¬ 
meters passing down into the boiler. At high pressure* the reading of 
the thermometer would be incorrect owing to the influence of the 
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pressure on the blilb p and for this reason iron tnhnlurefi dosed at the 
lower end were let into the boiler. These descended into the interior 
and contained mercury in which the thermometers were placed free 
from all perturbation* arising from the pressure of the steam. 



Having arrived ut the din ribut mg piece K h the vapour could be let 
into either of two exactly simitar calorimeter* K and K.' { Fig. 101) or 
it could jKiAt on into the eon denser E, Immersed in each calorimeter 
was a condensing system consisting of two copper spheres and a 
spiral copper tube, as shown in Fig, 10 L The vapour condensed here 
(when allowed to pass in)* arid the water resulting was drawn off in a 
flask and weighed. 
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The amount of vaponr condensed during sin experiment could be 
thus determined, and as of the liquid adhered to the walls of the 
spiral and copper spheres, it was assumed that this adhesion remained 
const a lit, and therefore the water drawn off in any experiment n>t>r* 
sen ted the amount of condensation. 

In order that the temperature of ebullition might be varied at 
pleasure, a large air drum V, immersed in a hath which kept us tem¬ 
perature constant, was connected to R, and thence with every |«i t 
of the apparatus. By pumping air into (or out of) tld* drum the 
pressure in the boiler could be varied at pleasure. This pressure w»* 
measured by ati open air manometer M. 

In making an experiment the boiler was heated, and the st<am was 
allowed to pass through the connecting tubes into the condenser for 
nearly an hour, so that the whole apparatus took up a stationary tern- 
per nt arc, and the air was completely chased from the boiler. A pre¬ 
liminary experiment was made by noting for five minutes the rate of 
change of temperature of each of the calorimeters. The water when 
first placed in the calorimeter was below the temperature of the air, so 
that during an experiment it received heat by radiation, and also by 
conduction through the connecting tubes. An observation made in 
the same way before the boiler was healed gave the radiation correc¬ 
tion, and this, combined with that now made after heating, gives the 
correction for conduction. In correcting for radiation it was found 
sufficiently accurate to employ Newton h law of cooling, viz, that the 
rate of change of temperature due to radiation is equal to the diltcr- 
etico of temperature between the calorimeter and the air multiplied by 
a constant; the value of the constant was found in this case to lie 

between the limits O'OOl and Q'G02. 

The two calorimeters were now filled with water at tf, , and ihe 
vapour was allowed to pass into one of them till its tem^rature 
became 8*. If u be the weight of water condensed in this operation, 
ami W the water equivalent of the calorimeter, then the approximate 

equation for Li* ^ „ . 

irL + iff[5 fl i)i 

where 8 is the temperature of condensation of the vapour—that is, the 
temperature of the vapour in the boiler, and s the mean specific 
heat of water between 0 and $ v It is to be noted that 0., is not the 
temperature of the calorimeter at the instant the steam is shut off. 
During the process of condensation the temperature of the water in 
the condensing apparatus is above that of the calorimeter, so that after 
the steam is shut off the temperature of the calorimeter continues to 
riac for a short time to a maximum temperature 0,°. If no loss or gain 
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of heat took place through radiation and conduction this maximum 
temperature would ho ft, + where is the sum of the corrections 
to be applied for all pertsirbushg inHuencesy and the equation for L 
becomes 

trL + tritf - flg = W(0 S f Z£f - $ t 1. 

A similar experiment was then made with the other calorimeter. 
Thus when the steam wits shut off from one it was turned into the 
other, so that while one was subject to the heating arising from the 
condensation of the vsi|MJur t as well as to the perturbations of radiation 
and conduction, the other was subject to the latter influences alone. 
Hence, if the two calorimeters arc identical in all respects, the observa¬ 
tions made on the variations of temperature of one can be used to 
determine the corrections to lie applied to the other. Perfect identity 
could not, however, be realised,, m that it became necessary to consider 
the corrections to be applied to each separately* 

During an experiment each calorimeter was subject to two sources 
of error,—one due to conduction through the connecting tubes, which 
may be taken proportion*! to the difference between the temperatures 
of the vapour and the calorimeter, the other due to radiation and 
proportional to the difference of temperature of 13ia atmosphere 
and the calorimeter. Denoting these differences by A } and ihe 
change of temperature per minute of the calorimeter due to these 
causes will be 

3^ -A,i t ■ A„l, * . (1) 

The coefficients A t and were determined by first u I load rig the vapour 
to pass through the distributing piece E into the condenser, so that 
the calorimeters w ere heated by conduct ion and radiation onh\ Ob¬ 
servations. on the rate of change of temperature gave 3$, A t and A, 
in equation (L). Another equation was formed between A l and 
with different coefficients, hy allowing the vapour to pass into cither 
calorimeter for some time, so that its temperature became elevated, 
and A L and A f became A,' and AJ r The steam was then shut out from 
the calorimeter and allowed to pass, as before, into the condenser, and 
observations wore made on the rate of cooling or heating of the calori¬ 
meter. This gave 

W = A l ± l r + + * . . , (5] 

Equations (l) and (2) determine A t and A*, and these being known 
for each calorimeter, the total correction to the temperature of 
either calorimeter during an experiment can be easily found. 

By thie means Kegnault determined the quantity of heat 

L + f(S- tP 3 j 
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ttecmary to corivetl. ai gmtmaie of water sit 0 ± into nuturat&d 
vapour Jtt if t where s is the mean specific hunt iif water between if 
and tC. The experiments were conducted under prcaaures varying 
from 022 to 13 62& atmoapheres, and between thorn Haute BeguauU 
foUTid that the Mol heat of steam, or the heat necessary to convert 
1 gram me of water at 0 : into steam at any temperature 0, was 
represented by the formula 

q = 6Q6'G + o-afcw- 

ln 38 experiments nuule under the ordinary atmospheric pressure T&utW 
the mean value of the total heat was found to be bdj fi7 T the extreme 
values in the series be ini; 635 L <6 Olid 638L 

Taking the specific heat of water to be unity* the formula for the 
latent heat at any temperature 6 will be* according to Regnault, 

These results overthrew the laws of V\ alt and Southern! and 
settled all controversy on the subject. 

When the variation of the specific heat of water is taken into 
account the latent heat of steam falls from 60S'5 at 0 to 53fi 5 
at 100 C, and to 464 3 at 200 a, and if the formula for L is quit* 
general, it follows that the latent heat of water vapour will become 
zero at the temperature 

'=[S sWai,wm4 

and tli in consideration a tin ids in close relation to what is known 
ns the continuous |»isisngc from the liquid to the gaseous state in 
the celebrated experiments of Cagtiiard du la Tour and Andrews 
(Art* 232). The critical point for water however appears to be 
365" C. 

198. [Griffiths's Experiments.— The value of the latent beat of 
evaporation of water at the temperatures .(0 and 40 C. was deter¬ 
mined by Principal Griffiths, 1 using the calorimeter described in Art. 

1G9 (Fig, 83), A known weight of water was put in a glass bulb 
with a narrow jet, this was placed in a small silver flask to which was 
attached a coil of silver tube 18 feet long. Between the llask and 
the coil of tube was the spiral oi platinum-silver wire which, heated 
by an eiectrie current, supplied the heat necessary to vaporise the 
water. The flash, tube, and wire were all enclosed in the calorimeter, 
which was filled with aniline in the earlier oxperimutiUq but later 
with a special petroleum oil which was non-volatile and a good 
insulator. The calorimeter, being surrounded by a vacuum and 
1 Phil, Tram. (J. 281, A, 1S0E, 
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thermostat, was kept nt u constant temperature, never varying as 
mticli as O''01 C. The end of the silver tube pawed outside the 
apparatus mid was connected with an air-pump. On working the 
pump the water was made to isHue drop by drop from the bulb, so 
that the rate of evaporation could be kept quite regular. Thus the 
vapour formed in the flask had to pa*8 up the whole length of the 
silver spiral tube and issued at the temperature of the calorimeter and 
free from water mechanically earned over. Am in ibe experiments 
for determining the mechanics! equivalent of heat, the liquid in the 
cnloiimeter was vigorously stirred. The equation for determining 
the latent heat of evaporation may be put in the following form ;— 

ML=(t4+tMi+^r f 

M bring the mass of water evaporated, Q, the heal per second 
supplied by the electric current, l) § the heat generated by the stirrer, 
f, and i M the times during whiuh heat wjts supplied by these two 
sources respectively (f f and /, being practically equal), and the total 
heat received owing to other causes such as radiation and conduction. 
Although Q* was necessarily measured in electric unite, it was reduced 
to thermal units by employing iliu value of J determined by means of 
the p^nie calorimeter and the same method of electric measurement* 
Thus any error due to uncertainty in the value* of the electric units 
was eliminated. The gresitesE uncertainty v.na in thy estimation of 
Qn but this constituted only about I per cent of (he rate of heat 
supply. The following are the values of L obtained i— 


by XiLru^rii 

[jiUfii IEmli 

ijiifui u-i” 

TOWfaamvter. 

i 1J ■ V. muli. 

&Qr a anm. 

40"'15 CL 

&TS*eo 

573 1$ 

ao^o a 

OT8’70 



The figures in the last column are caSriilated from the value of the 
ratio 6f the two units given in Art. 3 fHh 

The advantages of Principal Griffiths's method over moat nf ihc 
others that have been made use of h that it u practically independent 
of errors in thermometry and is not affected by changes in the specific 
heat of water. The temperature being stationary, the heat capacity 
nf she calorimeter or nf it* con tv i r * does not entm into consideration, 
and the radiation correction i- very small and determinate. 

Of previous measurements of the latent heat of evaporation of 
water, one of the most reliable is that which was carried out by 
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bietcrici 1 ut £T C. His method resembles Gkriffit-Ws in the use of 
a constant temperature and m being largely independent of ther¬ 
mometry. He used a Bunsen calorimeter, and estimated the beat 
required to evaporate a known mass of water at 0 by lho quantity 
q( mercury expelled from the calorimeter during the formation of ice. 

He gave his results in mean yntones, assuming that the ruean calorie 
corresponded to the expulsion of 1;V44 mg, of mercury, taking the 
average value deduced from the experiments of Bunsen, Schuller and 
Wartha, and Yelten. The value given by Dkttirid for the latent 
beat h 596*73 calories at 0 C. 

Although Griffiths experiments were not sufficiontly extended to Variation 
justify the calculation from them of a formula for the relation of 
latent heat to temperature* yet if a linear relation between these 
quantities bo asHtiKted^ the result shows a very striking agreement 
with the values obtained by Regnault at 1U0 and by Dieterict at U ♦ 

The linear formula suggested by Mr. Griffiths is 

L=W-78-<NfelM, 

using the calorie at 15* C> m the unit. This unit i b very nearly 
equal to the mean calorie (sea Aft, I GO) h so that the results are 
directly comparable. At the higher temperatures Irriflith5 8 formula 
accords better with ReguauJts result* than Rcgnaults own formula, 
while the experiments at low temperature* carried out by Kognault 
appear (0 bo leas trustworthy ; objections having been pointed out by 
Wiiikcliuaun* the chief of which is that KegtiauU in this aeries of 
experiment a measured the temperature of the evaporating water by 
the vapour pressure in the condenser. 

J9&. Latent Heats of Vaporisation by Comparison- — As the 
accurate measurement* of late n r. heals of vaporisation i? tedious and 
difficult* it ifl inore convenient to determine the latent heats of liquids 
other than water by comparison with water or other standard liquid. 

The following simple method ha* been employed by Professor Barney 
and Miss Marshall for comparing the latent Heats of two liquids at 
their boiling points under atmospheric pressure. 3 Two ghis* vessels, 
somewhat resembling incandescent electric lamps, were filled with the 
liquids to bo compared. Each vessel was provided with a platinum 
or platinum-silver wire spiral in its interior with thick platinum 
terminals* and was enclosed within another vessel, so that she liquiil 

1 WT td. A n n . to], xjtslvH., 

3 The Intent Iflit nf vijtfiHitloii of InuMi'rw appears t» be a limnr function ^ 
ihe tempffmtnm (sw* ncit An kle), Probably, hal ter, latent hmtt diminish tnarc 
rapidly as the critseal temperature is approach^ 

3 I'hiL May., JetL isae : .ran. 1897 \f*-r also Hw taoU> jk 
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could Ho surrounded by & jacket of ita own vapour. When each vessel, 
containing a known weight of liquid, had been heated just to the 
boding point, a known electric current wa* passed through the two 
wires in series. If the resistances are equal, the latent heats will be 
inversely proportional to the amounts evaporated] in a given time, 
that h, to the respective losses in weight of ihc two vessels. In 
genera), the latent boat is |proportional to the resistance divided by 
the am cm lit vaporised in a given time. 

Water was found to be an inconvenient liquid to use for purposes 
of comparison. Its latent heat of vaporisation is very large, and its 
insulating properties are insufficient when bare wires are used. Conse¬ 
quently, a careful determination of the latent heat for benzene was 
made by Mr. Griffiths and Miss Marshall, 1 using the flame method 
and instrument as had been employed by Mr. Griffith* for water, 
as described in the preceding article. The following values were 
obtained : — 


Tfimp, {XE&rogan- Beaten 

IJltPht Htai of IMiKftrit- 
it Vx U& 

m 

BO 

nu 

40 

10071 

30 

102 J SO 

20 

103 * J i 


These figures correspond closely with the linear formula— 

L*- 307 05 ~ 0'1 

Assuming tHi^ formula to hold up to SO 2, tfio boiling point of 
benxeue at atmospheric pressure, wc get us the latent heat of vaporisa¬ 
tion of i>eiU£vnc at its hoi I i n g punt 

b=tJl'34, 

expressed in thermal units at Ifi C. This does not differ verv much 
from the direct detarini nation* ..f ){, Schitl' - (G3 + 4) and K. Wirtz 3 
(»"»)■] 

Andrews 1 investigated latent heats for the purple of ascertaining 
whether any relation existed between the latent heats and the physical 
proporl icB of vapours, but he fai!e«l to deduce any fixed law. In ihh 
inquiry he was preceded by Ure, Despretz, Brix T and Favre and 

1 rhil. Sf\t*J rr »iiUi. ; J* Uj 1P7, 

1 Lkhitf'* AnnaUn, toI. pemir, p, 33H, IStHL 

3 tf’-Ud, veL xl p. 43£ F 1 SJHX 

4 Andiwi** Qrnirttrltf Journal l r ltn*i m Sac, &f Londfr Pi d tqI. i. p. m >7. 
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It has since Been suggested that for different liqiudi J TroutonV 
the latent heat multiplied by the molecular weight is approximately * nW * 
proportional to the absolute temperature. In other word*, the 
molecular talent heat is proportional to the absolute temperature. 

Thus for wciter at 10b Cl, L = 036*6, the molecular weight p=l*. 
and T = 373. 
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For inlffttnl and exienuii Intent heats, .see I hap. 1111. Sec, 1. 

200. Specific Heats Of Nou*Sflturated Vapours,— If the vapour 
be super heated before entering the calorimeter, then, a* wo haw 
already seen, the equation for L embraces the specific heats of the 
substance in both the liquid and gaseous states; so that by three 
experiments both these quantities u well :« L may be determined. 
In this man nor Regnault - found that the specific heat of super¬ 
heated water vapour under constant pressure woe constant within 
the limits of temperature employed in his experiments. The results 
of four series of cxjusriments gave for steam (H6881, 0-18111, 
0*48080, 0*47963. 

ttegnault * extends I hi* researches to several other liquids. The 
vapour was superheated by pissing through a spiral contained in an 
oil bath at a temperature higher than the temperature of ladling. 
The heat necessary to raise the liquid to its boiling point was 


i t’. T- Trcmton, Nil. yf'i't- vol. sviiL i»- fll, lfl04„ 

1 n-g"— another rurlhod fur determining the latent host of vqioiir- 
At low timperatniwi. A known weight of th* liquid win in « r«M*r«r ™n- 

taiiwl in the cnlorimctor ml a tmn^ r»lUTL> tf, , unit boilinj: *'H e»ii-«l by rodming 
ll„. Tir.'S-ium in the reservoir by mrani of an ilr-l'limi*. Tim Vupwir condensed in a 
retort Imwirnril in a ftoaxing mixture of ico and r«A raft. The presAuns of llir I'HJteur 
ronsing from tin? liquid is »tw*ys wraewhat greater than that of the Artificial attUO- 
,.,li ur ,. ngfitired by the umi inmelur. The liquid ill boiled aw.y r *nd thetemjienituf. 
„f the nUirinieter Ml to ft. . If -W denotes the correction of A, for lo^es of Iltat 
dull nullin' otperitnrnb thru tl.e hr.it l.--t by the uloriini- tor dining the vaporisation 
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If, on the ether baud, the torn|hiratitn: of ebqlUtkw of the liquid be 9. the hi'nl 
gained by IIjo liquid is 




and if* Lav* thctf^daliftH 

Lft•+ IftflJ \l Pj -t ■ fi }~ ***{&| - ^ 1 + ^ ^g + 2 £W}« 

Ati nncartunty wtlirs m lln- tjIlk- nf ri Ari-in^ from the nwiing uf the pressure of 
the mUHfSflttte 

Lbt" above method export men is wore invh' fit [ varying betwettl 1*0 

m hi, and tf'S* mtiir 
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accurately determined, ami these experiment* gave both the latent 
heat and the specific heat oi the vapour. The btter is very srna]] 
compared with the former* ro that the specific heal, of a vapour deter¬ 
mined in thiB tii a liner is subject to all the errors of a complicated 
experiment. 

The specific heat of carbon dioxide is known to vary considerably 
near the condensing point, and it is highly probable that all other 
vapours vary in a similar manner in this respect. 

Eilhard \\ iedemann proposed a method for determining the 
specific heats of vapours under constant pressure, whieh applies to 
liquids that boil between 0 and 100^ Boiling is caused at a low 
temperature by partial exhaustion that ie s reduction of pressure by 
mi air-pump The vapour u llien heated in a bath and allowed to 
through a calm-Under at a temperature of from 20* to 30 G*, 
which is above the condensing point of the vapour. All the heat 
yielded to the calorimeter is due to the cooling of the vapour. An 
experiment fasts live or six minutes, and the results obtained agree 
with those of Regnuuk. They indicate that the specific heata of 
vapours increase notably as the temperature rises. 


SECTION III 


OK THE. PRESSURE QY SATTHATKh VAFOUMS 

201 . Vapour Pressure.’—When n bubble of air ia allowed to pass 
into the vacuum of a barometer tuba a depression of the mercurial 
coluniij ia produced, which increases with the quantity flf air intro¬ 
duced. A similar depression is produced by the vapour of a liquid, 
and it was in this man nor that Dalton 1 first studied the press ures of 
saturated vapour*. Small quantities of any volatile liquid may be 
conveniently introduced into a barometer by means of n carved 
pipette. If a very small globule of a liquid is allowed to ascend to 
the top of the mercurial column it will pass into vapour very rapidly, 
fiMng the space above the mercury, end producing a oorrespondiug 
depression of the column. Another small globule will also evaporate 
and produce u further depression, and so on. A point is reached, 
however, at which further evaporation ees-W, and the introduction of 
more liquid h not attended by an increase of vapour pressure in the 
space above the mercury* the temperature being ^upjjosed constant. 
If more liquid is introduced it merely floats on the top of the mercury 
(Fig. S 02)* Forth*r evaporation ceases. Thus at a given temporal lire 
a definite quantity of a liquid will evaporate in a given space, and the 
pressure It exerts in this space is a function of ihe temperature only. 
If the apnee be increased, more liquid, if present, will evaporate, and 
if the space be reduced some of iho vapour will condense In ibis 
case the viqjour for spnee) is said to he saturated, and the correspond¬ 
ing pressure is the maximum vapour pressure for this temperature. 

The behaviour of a vapour may be studied by depressing or raising; 
the barometer tube in the cistern (Fig. 103 , ) h When the vapour is 
saturated the depression of the tubs in the cistern merely reduces 
the space above the mercurial column. Some of the vapour condenses, 
and the height of the mercurial column remains fixed. The vapour 
pressure remains constant, and the glass tube slides over the column 

1 Dalton, Mtwafa e/lA# Slanch&ttr $tc* vol. it. p. 409, 
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of mercury as if It were a solid Har of metal If, however, the vapour 
is not sat li rated it behaves very nearly as a gas r Elevation of the 
tube increases the height of the column — that is^ decreases the pressure 
of the vapour, and depression of the tube in the cistern increases the 
vapour pressure mid decreases the height of the nicreurial column. A 
non-Aatmted vapour nearly obeys Boyle^ luw K 

The pressure of a saturated vapour depend* on the temperature* 
and aEso on the nature of the liquid. Thus at 20 C. (ho depression of 




a barometer column by saturated water vapour is about 17 mm., bv 
alcohol GO mm, T and by ether 4 GO mm. 

If the temperature is kepi constant a slight increase of pressure 
will produce complete condensation of a saturated vapour. If the 
temperature is lowered condensation occurs Mo, and continues till the 
vapour pressure reaches the maximum value corresponding to the new 
temperature. It is not necessary, however, to cool the whole s|*are 

occupied by a saturated vapour in 
order to produce condensation. The 
cooling of any part of it will suffice. 
Thus 3 if one bulb A of a bent tube 
AH (Fig. KM) contains a lirjuid* 
the remainder of the tube will he 
filled with saturated vapour. If 
now M i> cooled by being placed 
in ji cold bath, or otherwise, the vapour in B will condense. The 
vapour pressure in B will be less than that in A f and as a consequence 
a current of vapour will How from A to IS. This slate of things 
will continue us tong as B is colder than A. The liquid will gradu¬ 
ally distil into the colder part of the apparatus The flow of vapour 
h riceompauie i by a flow of heat tending to eqnidise the temperatures 
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The evaporation in A is at^mpaiued by absorption of heat, and 
evolution of the same takes place in II The Apparatus illustrates the 
action of a heat engine. The current of vapour Hewing from A to R 
might foe employed to do mechanical work (as a mill k lurried by a 
current of waiter), w hile heat pasm from a body A to another tt At 
n lower temperature, 

202, Determination of Maximum Vapour Pressures,- The first 
fairlv accurate measurements of ihe pressure of saturated vapours {or 
maximum vapour toTi^ious, eih it i* generally 
termed) were made by Dal ton, 1 Previously 

the matter had been investigated hy Ziegler,* 

Watt,* Betancourt, 4 Southern, 6 and Schmidt, 0 
in a more or less unsatisfactory manner. 

The apparatus employed by Dal Loti is 
shown in Fig. 105. Two similar barometer 
tubes rt and h wore Attached to a scale which 
enabled the height of the mercury to be read 
off. Both stood in the same cistern of mercury, 
and were surrounded by a hath which could ho 
heated from below, and the temperature was 
rioted by means of three thermometers fixed 
along the sceiIc, the mean of which was taken 
to represent the temperature of the hath. A 
little liquid wan introduced into one of the tubes 
(W), and the depression of the mercurial column 
noted, together with the temperature of the 
bath. By varying the temperature the pressure 
of the saturated vapour was found for all 
temperatures within the range of the apparatus. 

Aa in this form of apparatus the temperature 
of the mercury is different in different ex- 
per intents, it is necessary to reduce the observed depression to that 
which it would have been if the mercury were at M m —that is?, the 
difference of height A nuisi he divided hy (1 * m&% where m i* the 
coefficient of expansion of mercury. W ith water vapour the pressure 
is equal to 1 atuia at 100 C., and* consequently, this form of apparatus 
can be used only for temperatures below 100 C* At this tenijicrature 

t p :L ]to]p, Mtmvir fifths Sot, rd. xv. in#, 

n Ziegler, Aj^nWifc jfto■ ah aVu m 4* I'njiini, p, JS h RiLHul/1"£5*. 

* Walt, JSMwnt Sytittfk qf Mteh, fikil vet- iL ]l 3&, Bnawifar's (hHUkii, l&H* 

* Btouuxmrtt jfANw'i* ^ mjwnrr, Pari*, 

* Southero, ffabimn'* JIM. Phit toL jL p. 170. 

a Sflliinidt h Journal^* Phttnipi* rfe Or**, tom, iv* \k l&u 
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the morcury In the tube which contains the vapour wit! stand at the 
cistern level. 

The chief objection to these early experiments was the went of 
precaution in securing uniformity of temperature in the kith. The 
use of several thermometer* placed along the scale dots not avoid this 
source of error. The vapour will be practically at the temperature of 
that part of the hath which surrounds it, and the mercury in el similar 
way will assume the temperature of that part of the kith around 
it. For accuracy the hath should be maintained throughout at 
(he same temperature, or eke *otne scheme should be devised by 
which the temperature of the vapour could be. accurately known t ami 
also that of the mercury. The pressure determined here is really the 
maximum pressure of the vapour in the coldest part of the tube. 

The difference of height of the mercurial columns should elIso be 
measured for accuracy by means of a catlietoiueter j and for this 
purpose the use of a cylindrical glass vessel to contain the kith is ob¬ 
jectionable as errors due to refraction are introduced. A bath chamber 
with a plane glass front ifs much superior. 

Accurate determinations in which these sources of error wore 
avoided were first made by KaemtzJ He merely excised the tubes 
ill the atmosphere, and noted the depressions through summer and 
winter, the temperature ranging between - 19" and + 26 C> Thcso 
observations were made for meteorological purposes ; but a much 
wider range is necessary in physical investigations. The gap thus 
left was filled up by Regnault. 

A general law connecting the vapour preeenrcsof different substances 
w r ns announced by Dalton in I SO I* to the effect that rho pressures 
of the saturated vapours of all liquids were equal at temperature^ 
equally removed from their boiling points. This law is, however, not 
near the truth. Water boils at 100 c C. T aud ether under the same 
pressure at 35* C. T the pressure of water vapour at 80" C. (that its 
-0 below the boiling {joint) is 355 mm** while that of ether at 
15 C. is 354 mm. Thoss numbers agree excellently- In fact it was 
by the comparison of water and ether that Dalton deduced his rule. 
In the ease of alcohol, however, the boiling point k 78 C,, and the 
vapour pressure at 08 C* is only 330 mm. This u considerably too 
low according to Dalton a rule. Similar deviations occur with other 
substances. 

Diih ring's rule agrees much butter with experiment. It k merely a 
raocliftcation of Dalton's law with a factor introduced depending on the 
nature of the substance, Iri it as we pass from temperatures of equal 

* Klflmti, Trait/ df MMtorol*yne t loiai. i. j* 2S0 + 
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vapour pressure for two substance to two other temperatures of equal 
pressure* the difcren^i of temperature are not taken equal,, but pro¬ 
portional, the constant of proportionality depending oti the nature of 
the euhl&BJUW* 

203. Vapour Pressures at Low Temperatures.—The detenuilla¬ 
tion of vapour pressures at tem [N^mtu res below 0 t was conducted 
by Gay Lunsae 3 with a modi bed form of 
Pa!ton's apparatus. The vapour tube was an 
ordinary barometer tube CD having its upper 
end bent round (Fig. 10fl) 5 and terminating in 
a pendent bulb E which could l>c conveniently 
immersed in a freezing mixture. I his mixture 
should bo fluid, m that it could be constantly 
stirred dining an experiment. The liquid 
under examination was contained in the bulb, 
so that its temperature us well as that of its 
vapour was the sumo as that of the freezing 
mixture,, if the temperature of the latter is kept 
steady for a sufficient time. Now the vapour 
pressure in the whole apparatus ia the maximum 
pressure corresponding to the temperature of 
the coldest part—that U, the temperature of the 
freezing mixture. Hence the depression of the 
mercurial column gives the maximum pressure 
of iRe vapour at the temperature of the freezing 
mixture. 

Regnault, who also employed this method, 
took the precaution of using a freezing mixture 
of chloride of calcium and anow t which is a 
liquid, and can be constantly stirred and kept at a uniform temperature 
throughout. 

204. Vapour Pressures at High Temperatures. The determine 
tion of the pressure of saturated water vapour at temperatures 
ubovi! 100" a wits undertaken by a commission of the Park Academy 
D f Sciences in IB29 under the direction of Du long and Arag& J Their 
experiment! ranged from 100 to C* corresponding to pressure* 
varying from I to 24 aLtuespheim The principle of the method 
consisted in heating a liquid in a closed boiler, and observing the 
temperature and corresponding pressure of the vapour. The liquid 
was first boiled for some time io expel all the air from the boiler, 

i Gay-fiusuc; see Rk-fs Trate tU Ph$*i*£U* r ton*. i p. 2&I- 
5 L>u.]olkg Alid ArtigO. ,Wfft. rfe f^tauf. tfllii. *- 
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which was then closed ami connected with a cotnpreiksod air manometer. 
When the liquid was healed the pressure and the temperature rose 
together. An obearvation was mad© by arresting the supply of heat 
and noting the maximum temperature attained, together with the 
correspond mg pressure. The temperature was registered by ther¬ 
mometer s placed in iron tubulurca protruding into the interior of 
the boiler. 

These experiment* wore not sufiieiently numerous to furnish 
reliable result#, and the apparatus suffered from many defects. The 
liquid never really entered into ebullition, so that the temperature 
could not be kept constant during an observation. The necessity for 
new determinations was rooh felt, and the task was undertaken by 
the committee of the Franklin Institute of Fen nay I vania 1 in 1830. 
Their apparatus however, was little better than that of Ddlbug and 
AragO, and their two series of observations agreed neither with each 
other nor with those of (heir predecessors* 

The subject was consequently taken up nearly simultaneously by 
Magnus* and RegfJHult 3 in 1813. The experiments of Magnus were 
free from the objections to which the earlier Investigations were open, 
but they were not extended to temperatures above 1 1 0 C, The 
liquid vtia enclosed in the shorter arm of a siphon barometer which 
was immersed lei a bath, the temperature of which could be kept 
const mat and was determined by means of an air tliemianieler. The 
Of mu branch of the barometer tube was con tutted with a bee air 
manometer, and also with an air-pump^ by means of w hich ihe pressure 
umdd be varied at pleasure. The results of ihc*o experiments agree 
remarkably well with those of M. Regnault, whose researches were of 
a much more exhaustive character, extending from pressures of about 
4 mm. to over .10 atmospheres. 

Regnaitlt's Experiments 

205. Experiments between 0 and 50 C.—Nearly at] ihc 
determinations of vapour pressures At low temperatures fmve been 
made by observation of the depression produced by the vapour in a 
barometer tube. The chief source of uneeatunty in the method is 
the difficulty of knowing the exact temperature of the vapour* la 
]>alton J H apparatus the hath extended over the whole length of the 
barometer tube, and in such a tall bath, heated from below, Kcguault 

1 Jsfttcy. Jint. v&l. si, 

= Uuitav Hngimi, Poffff, Jnu. v«>L Ixi. jt Eft, l&n. 
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found that the liquid rapidly settled into hirer* at. different tempera- 
tureg as soon as stirring Yens stopped. Besides, in the apparatus 
employed by Dalton it was impossible to stir the bath without causing 
the mercury to oscillate in the tubes. The method in fact would 
only be fairly accurate for temperatures Approximately the same as 
that of the atmosphere. 

For this reason Regiiault adopted a moili cl 3 form of Dalton's 



Fig m . 


apparatus (Fig. 107) in bis experiments nt temperatures below &0° C 
The bath was considerably shortened , hut of considerable capacity (15 
litres), so that it could Iws constantly stirred (by H) and kept at a 
uniform temperature throughout. The bath-cliatuber was furnished 
with a plane ghiss window through which the difference of level of the 
mercury in the tubes ti and h could be read by means of a catlieto- 
inotciv In order to ascertain if any error in the reading of tb u 
iliiYercnce of level wins caused by refraction through the gla*s and 
liquid, a tine mark traced on the barometer tube near the level 
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uf the nicreur y r Mid a centimetre scale was marked on the vapour 
tube. The difference of level between the mark on Lhe barometer 
aiirl each division of the centimetre scale on the vapour tube was 
then determined bj" moans of a eathetoraeter—Brat in ai t r and then 
wheel the chamber was til hid with water. An absolute deviation due 
to refraction was found, which sometimes amounted to half a 
millimetre, but the rein rive deviation—that is, the observed difference 
of level between any two {joints, one marked on each tube—was 
scarcely appreciably In no case did it amount to so much aft 
Q"1 mm. * 

An error in the difference of level of the mercurial columns, due 
te capillarity, had also to be taken into account. The surface tension 
in the barometer tube differs from that in the 
vapour tube where the mercury is in contact 
with a liquid or the vapour of a liquid. To 
determine the amount of this error two baro¬ 
meter tubes A and A f were connected by a 
three way tap R (Fig, 108). Dry air was 
admitted several times and pumped out in order 
to thoroughly dry the space* above the inertury. 
When this had been accomplished tho air was 
finally pnmped out of both tubes, and the 
mercury stood at the same level in A and A\ 
Some liquid was then introduced into one of 
them (A"), and a difference of level immedi¬ 
ately established itself p whieh t correct ud for l he 
weight of the Boating liquid, gave the capillary correction. For water 
there w m an elevation of the column amounting to 012 mm. 

At temperatures above that of the atmosphere ihe temperature of 
the hath was maintained by a spiritrUmp applied beneath. Observa¬ 
tions were made at intervals of eight or ten minutes, and it could 
thus be ascertained if slight changes of temperature wore Accompanied 
by corresponding changes of pressure, and the accuracy of the method 
tested. One source of error may arise in the surface of the mercury 
not being at the same temperature the bath. At temperatures 
above that of the atmosphere the mercury in the tube outside the 
bath will be colder than that inside, and by conduction the upper 
surface of the mercury may lie somewhat colder than the bath. To 
avoid any error from this cause Kegnault always worked with the 
upper surface of the mercury well within the bath. When the bath 
is below the temperature of the air tfii.4 source of error does not 
present itself, for the pressure of the vapour i& that corresponding to 
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its coldest part—that is, in this ease the temperature of tlie bath, in 
the former ease it would be the temperature of the surface of the 
mercury* 

In order to vary the mode of experiment and test the accuracy of 
the results of one method by comparison with these derived from 
another, Kegnault modified the apparatus as follows:—The end of the 
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vapour tube was drawn nut and attached by means of a three-way 
joint to a glass globe A of about 500 cc. capacity. Communication 
WU established with an air-pump, shown in Fig. 109. The globe 
and space above the mercury were carefully dried by admitting dry air 
and exhausting several times. Finally the air was pumped out, the 
exhaustion being carried to l or - min. 

The liquid was previously sealed up in * small glass tlask or piece 
of glass tubing, and placed in the vapour globe A, The apparatus 
being now ready, the temperature of the globe was raised till the 
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small flissk containing the liquid burst. The fipace At" above the 
mercery became filled with vapour, *nd the experiment was proceeded 
with os before. The results of these experiments* in which vaporisa¬ 
tion took place in the presence of a residual atmosphere of air, were 
in dose concord with those derived by the first method oE jprocedure 
in which the vaporisation took place in a vacuum. 

206. Tern peratores below Zero.—hi determining the pressure 
of water vapour at tomjiemture* below ausro liegriuiilt adopted the 
method of Gay-hussac. The second form of apparatus described m 
the foregoing article was used. The globe containing the liquid was 
first immersed in melting ice, and then in a freezing mixture of 
crystallised chloride of calcium and snow, which was liquid, and could 
lie kept in constant agitation. The temperature of the hath could he 
maintained for a short, time at its lowest point by adding small 
quantities of snow. Observations were made at this point, 

Exact determinations at low temperatures are exceedingly difficulty 
for hare the pressure k very low and rises slowly with temperature. 
On the other bund, at a high temperature the pressure is high, and 
changes considerably with a small change of temjwrattire. 

A more accurate method at low temperatures might be leased nn 
the principle of the chemical hygrometer (Art. 229) t namely, by 
weighing the quantity of vapuir contained in a large volume of 
saturated air. Thin method might be easily adopted at low tempera¬ 
tures in high latitudes; but in these countries where the temperature 
of the Atmosphere is never very low r it would necessitate the adoption 
of spsciidly deviled apparatus, 

[An accurate method of measuring very small vapour pressure^ 
such as the pressure of a vapour in equilibrium with its own sutid T 
was devised by Ramsay and Young, 1 and used to measure the 
vapour |>rL?saiires of iec* camphor, and acetic acid. The apparatus 
< Fig. I )0) consists of a wide vertical glass tube. A, closed below,, to 
which a side tube, B, is fused near the top. The Bide tube h con* 
nee ted with a bulb, l 1 , which may be cooled by water or a freezing 
mixture, and from the bulb passes a second tube* D, which is con, 
fleeted with an air-pump and gauge.te measure the internal pressure. 
A small tube* closed by an iudiarubber tube and clip, E, nerves to 
admit air into the apparatus. The vertical tube is closed above by 
an Indian ibber stopper perforated with two hole*, through one qf 
which passes a thermometer, F, ami through the other a glass tube 
provided with a sto]>eock and reservoir, <r T above. The bulb of the 
thermometer is covered with cotton wool, and the lower extremity of 
1 W. LOniM) and 8, Young, FhiL TYyimj,, 18^, p. 161. s. Yoianj* 
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the glass tube b drawn out and bent round m that the narrow end 
just touches the cotton-wool 

The liquid to be in vest seated is placed in the reservoir, and 
[he apparatus is exh misted. A little liquid is then admitted ho as 
to moisten the cotton wool. The condensing buEfij h then cooled, 
and the vertical tube m heated by means of a water or oil bath, 
which should always be kept at a temperature at least 20 r higher 
than that registered by the thermometer. 

The liquid on the cotton -wool evaporates rapidly and displaces 
the air in the lower juirt of the vortical tube, so that the remaining 
liquid is soon surround od by vapour quite free from air Under 
these conditions the liquid noon reaches Sts true bulling point, but it 
cannot become superheated since evaporation 
takes places with perfect freedom, and, of 
course*ebullition is im possible The tempera¬ 
ture and pressure are read* and a small 
quantity of air is then admitted to raise the 
pressure, when the temperature rises at once* 
and aeon becomes constant again at the 
hoi ling point under the higher pressure. 

Or* id course, the pressure may be reduced 
by pumping, when the temperature falls. 

Fresh quantities of liquid are added from 
time to time in sum II quantities from tins 
reservoir. A large number of readings can 
thus be taken in an hour or two, and the 
reduction of pressure can bo carried to any desired extent. 

For pressures above about SOD mm. the boiling points are best 
determined in [he ordinary way* the thermometer being placed in 
the vapour and not in the liquid. 

With this apparatus B&ms&jand Young showed that ice and water 
at the same temperature have different, vapour pressures, as predicted by 
dames Thomson. The essential feature of the method consisted in 
maintaining the ice and water at the same pressure and observing their 
temperatures as wcl I as ni ensuring t h l i r common preseure By vary] ng 
the pressure, the vapour pressure at different temperalnresw** foand for 
each substance. Two tube* similar to A (Fig. 1 1 0) were employed, these 
being in communication with each other and with the same condenser 
C + The water in the cotton wool surrounding the bulb of one of the 
thermometers wiih fio^cn, and the air thoronghlv removed hv a 
Sprtmgel pump The condenser C wm surrounded by a freering 
mixture, and by varying the temperature of C T the pressure in the 
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n)ainUiEiiiLg lls temperature uniform presents itself. For tin# 
reason M_ fiegnhult designed a new form of apparatus suitable to the 
determination of vapour pressures at tempera lures above 50 C. Tlie 
special feature of the new apparatus was the design by which the 
temperature of the vapour could ini accurately determined! and fcept 
constant while an observation wata being made. 

The liquid was planed in an air-tight copper boiler A (Fig. II 1} ( 
fur rushed with four thermometers to register the temperature. These 
thermometer^ which read directly to the of a degree centigrade, 

9 

l Tbs triple point* It whkh ice and viter h*T* the #*Iaie vigmuj prtAftiire, \m 
vtij slight]J tlnrethc nOnnaJ freezing, peilft (*w Art. 34S>>, Thn mmpending 
prenurt (i 4 'G Hiflr 
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apparatus could be varied at will* The water in the second tul>e 
froze nl about - 5 C. t but observation* were made at temperatures 
lying between - 2 and - b\ which showed lhat the temperature 
of the ice was consistently higher than that of the water at the same 
pressure, m that at the same temperature the ire has & lower vapour 
pressured The pressure being varied from fhBO to 3'20 turn, of 
mercury, the corresi^nding difference of temperature varied from 
0-34" to 0-53 ' ] 

207, Experiments at High Temperatures.—When the pressure 
exceeds 300 min. the apparatus (p, 3S5) becomes inconvenient. 
The length of the bath would have to be increased* aud [ he difficulty 
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were not exposed directly to the vapour* Inn. worts contained in iron 
tubillurfts (Fig. 112) which were closed at their lower extremities 
and filled with mercury. The thermometers were thus 
enabled to take up the temperature of the boiler without 
being subject to the pressure of the vapour which won hi 
lead to error at high temperatures. Two of the 
thermometer tubes protruded into the liquid, and the 
other two extended only into the vapour, Keguault 
carefully verified that tin* temperature registered by the 
thermometers wac accurately that of the vapour. A tube 
surrounded by a water jacket ami overflow pipe led from 
the boiler to a largo air-reservoir B( + 2| litres capacity}, contained in a 
cylindrical vessel, and aurromided with water to keep it at a constant 
temperature* This air-reservoir was connected to a manometer pt^ 
which indicate;* the pressure, mid also to on air-pump by means of the 
tube H\ By working the pump the procure in the reservoir could be 
regulated a* desired, and the liquid in the boiler caused to boil under 
any cboeen pressure. The temperature of the vapour was determined 
by means of the thermometers in the boiler, and the corresponding 
pressure of the Return ted vapour of the boiling liquid was given by Hie 
manometer. The tube connecting the boiler to the air-reservoir waa 
sloped upwards* and kepi: cool by the circulation of a stream of cold 
water. The vapour condensed in this tube, and the condensed liquid, 
Slowed back again into the boiler. The air-reservoir was a large copper 
sphere surrounded by a water bath contained in a zinc vessel, so 
that it& changes of temperature were insignificant* For pressures 
below one atmosphere an exhaustion pump was employed, and for 
higher pressures a larger and much stronger apparatus of the same 
description was spec tally built. 

The facility and precis ton of this method are extraordinary. 
When the pressure is brought to any desired value steady boiling 
Boon sets in t and the temperature remains stationary for any length 
of time required. 

The observations ware carried up to 28 atmospheres, and KeguauU 
projected carrying them to much higher pressures with a still stronger 
type of apparatus and a compressed air manometer. 

208. Apparatus for Volatile Liquids. — In the ease of volatile 
liquids t he vapour pressure at ordinary temperatures is considerable, 
and the apparatus of Art, 205 becomes inadequate to meet the require¬ 
ments of the investigation. The apparatus sketched in Fig. 1 13 is suit¬ 
able for such liquids, and WM used by both Regnuuk and .Magnus. 1 
1 /‘ihiiy. vol. hi p, 226 ; and Ann. J* Cfti'tttfrp 3 d scr., tom. xii. p tit 3 , 1^44. 
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The liquid is placed eil the shorter ami a of a siphon I ammeter 
tube, the other xiriu of which rouiimmicatcii with ati air-pump y 

and an open air manometer hk. 
The ami aft is, first filled tom- 
plenty with mercury p nnd some 
of the liquid is then introduced 
above it ait r, This liquid is then 
boiled, so as to expo] all air' from 
the tube. While the liquid is 
still hot the tube is Inclined, anti 
Homo of the liquid free from air 
is allowed to ascend to the top 
of the arm (L The remainder of 
the liquid at c is then boiled off, 
and dry uir is admitted, the pressure of which cam be regulated at 
pleasure by moans of (ho air-pinup. Thin pressure in registered by 
means of the manometer frL The apparatus now contains some 
liquid at a free from *ir T and is ready for experiment. The arm 
fl* is now immersed in a hath, the temperature of which can lie varied 
at pleasure* and the corresponding vapour pressure h furnished by 
the manometer. By scaling up the pump tube p, and pouring 
mercury into the open arm of the manometer, pressures above one 
atmosphere may be used, 

2Q9 h Apparatus for Liquefiable Gases, ■—A somewhat similar 
apparatus was employed by Rtignimh for the determination of t ht- 
vajmm 1 procures of liquefiable gases* such 
as sulphurous acid and carbonic acid. 

The gas w as forced into a chamber A (Fig. 

114) (by a com predion pump connected 
with the aperture P), where it liquefied 
under the pressure. The other chamber 
B was in connection with a compressed 
air manometer by means of the tube Mr 



Ffc. in. 


The chamber a A acid B were separated by a psirtition which descended 
nearly to the bottom of the vessel, the lower jwirt of the vessel 
contained mercury which could pass from A to B under the partition* 
The whole vessel could be placed in a bath, and kept at any desired 
temperature. The corresponding pressure of ihe vapour was deter 
mined by the manometer, hi sueb experiments the pressures are 
so great thai the difference of level of the mercury in A and B is 
negligible, 

210, Vapour Pressure of a Liquid Mixture.— The preaaura of 
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the saturated vapour of a mixture of liquids was also investigated 
by KeguaiiltJ Tlie mixed vapours were found not to behave in 
general like a mixture of gases as regards press ore, Begnanlb dis- 
linguists* three eases—(1) When the liquids do not mix, sis water and 
benzene, in this wise the vapour pressure of the mixture is equal lo 
the sum of the vapour pressures of the constituents, ( x 2) When the 
liquids mix partially or dissolve each other to tl limited extent, like 
water and ether* In this ease the vapour pressure of the mixture is 
less than the sum of the pressures of the constituents, 0 r even less 
than that of one of them* Thus Hegnaidt found— 


1'flHl [Wit HE r. 

VlEflJf VtfL fttu. 

KUur. 

JtUtnta. 

15'"S(t (X 
33—08 

13-lfl mm* 

27 S3 it 

3(51-1 mm, 

rn fi „ 

'fr52t*s mm, 

rio ea lt 


(3) The third ease is that in which the liquid* mix in all proportions. 
In this case the diminution of the vapour pressure of the mixture In 
still more marked. 

According to the experiments of Wiiliner- the vapour pressure of 
any given mixture bears a constant ratio to the sum of the vapour 
pressures of the constituents^ at least when the liquids are mixed lit 
nearly equal proportions. For other proportions the law in not quite 
exact. 

21 h [Vapour Pressure at a Curved Surface-—The procure of 
saturated vapour in eqirilibrium with its own liquid is nut the same 
when the liquid surface is curved as when it is plane. The calcula¬ 
tion of the vapour pressure at a curved surface wa* first given by 
L>rd Kelvin, 0 Lei a firm tube ho placed in it liquid, and let the 
whole bo placed in a vessel from which air is exhausted, so that 
the whole space above the liquid becomes filled with it* vapour 
and nothing else. 

Let the permanent level of the liquid be at A in th> small 
tube, and at B in the vessel, & r| d l fll u 0 Buppras the temperature the 
same throughout the apparatus. 

There is a state of equilibrium betw een the liquid and its vapour 
both at A and at B; otherwise evaporation or condensation would 
occur, nod the permanent state would not exist. 

Now 1 the pressure of the vapour at B exceeds that ;it A by the 

1 HsgmnU, €bmpt& fUniin* ? to m. xsxis, r 1354 ; Afr >jhh>£* tit lA&Md, tom. xxv L 

‘ J Am. Hand, cssix. p. S 53 * ISM 

3 /Vik-, Hthj. £r*, Kdir^i 7th Fcbntarv 1S70. The nWu dUoqwhmii from 

Clerk Maxwell'* Theory tf Utai r dmp. XX. 
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pressure due to a column of the vapour of the height AH, It folio™* 
that the vapour is in equilibrium with the liquid at a lower pressure 
where I he surface of the liquid! is concave, m at A, 
X\ tlaiin where it is piano, as at Ik 
// Vi Let j' 0 be the vapour pressure in con tael with a 

plane surf sice, i.r + the pressure at R, let /> be the 
vapour pressure just outside the liquid at A t and let 
” be the pressure just inside (he liquid sit A, then, 
if «r is the density of the vapour (supposed uniform), 
/■ the density of the liquid, and h the height AB t 
i±-p=y*h 

therefore 

ft, 


1 


But 


i’Jr- Hi, 


G^tPn P)- 


%T 

0-P = ~ 

^ r 1 


whore T is the surf two tension, and r the nidi us of curvature of the 

surface at A, therefore, subtracting hi id redlining, we get 1 

"2T 


P=F* 




(i) 


In the ease of a convex liquid surface, such aa si spherical drop, the 
formula becomes 

<r 2T 

■ * * * 

This explains why liquids in vessels to whose sides thev adhere 
closely, can be healed considerably above the boiling point without 
ebullition taking place, if the vessel is perfectly clean. For unless 
there are nuclei present which the bubbles can form on, the small 
bubbles which first form would condense unless the temperature were 
high enough for the vapour pressure to be able to support the internal 
pressure duo to surface tension in addition to the atmospheric pressure, 
As soon as the temperature is high enough for bubbles to form, these 
will grow with great rapidity, a large volume of vsqsour is emitted 
and the temperature falls nearly to the normal boiling point. Thus 
the boiling is intermittent and violent in character. 

Similarly duet-free air may contain water vapour of a density 

1 If we Uk* into account the Turutiun In denity of thu Tipoui, we get the more 
AiturAte formal* 

,RU Ia,fj=*- P + ?F, 

Wliieli redness to the ibori] tmex|AR<jitig lug Ipjp), tuglcitieg the higher powers of 
p tt -p, «nd putting^-! 
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several times us great as that necessary for saturation. For if a very 
email drop were to form it would evaporate unless the vapour pressure 
were great enough to be in equilibrium with the curved surface. If 
drops of various size* were present, the email one* would lend to 
evaporate and condense on the larger ones. 

C. T. B* Wilson ha^ shown 1 that if air containing water vapour 
be freed from dust and supersaturated by a sudden expansion, a cloud 
or fog will form if the air is ummi by ihc passage of Rflntgen or 
similar rays, and this will lake place with a much smaller eipaneicm 
than is necessary to produce condensation if the rays are absent. In 
this case ihc charged ions appear to act as nuclei for the condensation 
of vapour.} 

212. Empirical Formula,— If the pressure of a curated Vapour 
depends only on the temperature, some general relation between the 
pressure anil the temperature, such as 

must exist. The form of the function will probably depend on the 
nature of tb(i jubsUiMt j but m> general law has vet been found. The 
first attempt in this direction was made by Dalton, who proposed the 
simple |aw that the vapour pressure increases in geometrical pro- 
gregion as the temperature iucicw in arithmetical. This runtimes 
that the relation between the pressure and temperature is of the form 


or 


]og + 


This formula, however, holds only for small limits ef temperature 
near the point at which tho constants are deter mined, 

Young “ proposed a more general formula including three constants. 


VIZ. 


jN={a+Wp\ 


1 Fhtt* TranSr T^cbtZRL \k 1 

4 Young, JVbJ. mi, ™l. n p. 4W Yonnga formula wu adopted by imril 
physfcbu, notably L'reigbion, Soelhtro, Traded, CorfolU. Tlie form given 


by Tndgold waif 



wh i!<t that HMd by Ooriolla {/>« ™k*td* t*ftt <iti iiatiintt, jk M. 1829) 
}> _/1+9 0167say** 1 

reerp 2 B7i } > 

ami I lie form given by Dnlon* (JM*. * T&ttiUt, tom. >, v, 230) wi* 


y_ = 
m 


+ 0 - 71 KS 



which bold, fairly well for wat.r vapour up to 24 atmoapbarW. 
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"'here the constant a w, f\ m arc to be determined by mentis of three 
experiments. 

Aei other formula suggested by Rathe/ from theoretical considera* 

tiom r belongs to the general type 

* 

n-rfl* 

F = «* * 

where o, a fc u/ f and « are constants to be determined by experiment, 
and ^ [a the temperature measured from any arbitrarily chosen £ero. 
Rochet form was 

760 

Finally* a more general formula was suggested by Biot/ tie. 

bg j9=a+*4* t c 0 t, 

where a* t, c p ■*, /;f are determined by means of five experiments, and 
& h the temperature measured from any chosen Kero —say the lowest 
of the five experiments used lo determine the constants, 

Regimdt found that Young's formula might be used to represent 
the results of experiments within a limited range, but that beyond 
those limits it had to lie abandoned. 

Thu formula of Itochu, however, which he used in the form 

*+ » 

represented the whole eories of experiments with considerable accuracy, 
but not quite so generally and precisely 114 the more general formula 
of Biot. Writing this ill the form 

Kegnauit found 

<i=e-M40m 

H iiOiafl77*3, 3*g ft = 1 0&4(H9232, 

log c= 0 -6[12 ia&l + lag j3 = 1-09834 3S45S. 

In the coarse of a series of Investigations founded on a particular 
hypothesis respecting ihe molecular constitution of matter, Haukine 1 
arrived alt the formula 

_ *■**—I-& 

1 Hnchl? S "■ Dalong Mt'l An^V Mcnniii. Mt>». dr rinitUut, tom. X. t,. 227. 

- Hint, 1 'oNrtniijrtntf <its Te Mpt, 1£H. The more ii'ehLra] Torhi Would be 
P= oo* + 1 -ty*ida* +rte, p 

whom ft is mtftflurpd from any chnwn zc-Ti> r 

3 JUakt]]i: p tiJinhuryh A>» t: /'W. Jourmf, July 1840. 
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where 0 is the absolute temperature, This formula, according to 
Hardline, represent* the whole series of Reguaul( h s exfHjmucnEs from 
- 30 C. to 230 C. The values of [lie constants determined from 
three experiments were, for water vapour 

u=7 m m%i7 t 3e g A^J'iSHQgl, % y = Si»8^il76. 

Hunldnc also proposed the equation 
jn^aooutut 

for the steam-line of water substance, v being’the specific volume of 
the saturated vapour. 

[In 1820 Young proposed the simple formula 

logp = A+|. - W 

If we take B as representing absolute temperature here* then, if 
two different substances have the same vapour pressure jt at the 
temperatures 0' and &* respectively p we get 

ll' R“ 

iv he iiM 

so that the ratio 0*!& r of the temperatures at which the vapour 
pressures of the two substances are (3m aam© is a linear function of 
the temperature lY of one substance. This approximate formula ban 
been applied by Ramsay and Young 1 to deduce the vapour pressure 
of any substance from those of a standard subsin ace by means of two 
observation* to determine the constants 

KirchhofT-in 1838 and Ranh mo in 186(3 in do j^ndeatlv suggest d 
the formula 

tog /)-Ai - rC log U . . « . . {3j 

which, ns it lias three constant to bo determined by experiment 
instead of two, can be made to represent the facts more closely. 

The formula? (1) ami (2) call be arrived at by theoretical eon* 
(([derations. If wq write the characteristic equation of the vaj>our T 
after Calendar, in the form (see Art. 245) 

Ru c 
i* "Rtf 1 

and neglect the last term, since it k small for high temperatures, and 


3 Phil. J%. F 18S7. 

- l\mj. Jm> B<l. riil p. IS*. i&ES, 
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l( wo put for v tlio specific volume 1 % of the ^nirntcrf vapour, anti for 
«i ih% specific volume r r of the liquid (which is probably in most gibus 
a fair approximation), sve get 


Combining this with the thermodynamic equation (5) of Art. :i40 p viz, 

($0> 

wo obtain 

dp _ L rftj 
p "R 

Assuming L con slant an a first approximation, this equation gives* on 
integration, 

ioB i = s(i _ y- 

wliioli is Young's formula. A closer approximation U got by taking 
h to be n linear function of the temperature, ns in Art, 197 , ud this 
leads to KirchhofT’s formula, 1 ] 

1 Tin- for^oii^ is from tbs article “ Vatnnrisutiontv II, L, CttllfttuLar, Hutu. 
Itrit, lotted, IMS*. 
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VAPOUR hENSITJES 

21 3. Definition of Vapour Density. - The density of any substance 
generally means its weight per unit volume, taken at some standard 
pressure and temperature. The specific gravity of a substance, cm 
the other hand, is expressed by the ratio of the weight of any volume 
of the substance to the weight, under given conditions, of tm equal 
volume of some standard substance chose n for the ^ike of reference. 
The standard substance usually chosen b water, so that the specific 
gravity of a substance is the ratio of it.- density to that of water. 
Now if the weight of unit volume of the standard substance (water at 
C,} bo taken as the unit of weight, then the density of ibis 
substance will be unity, and the density oF any other substance will 
bo expressed bv the same number a> it® specific gravity. This plan 
is adopted in the C, <t, S. system, in which the unit of weight 
(1 gramme) is taken as the weight of a cubic centimetre of water 
at 4* C. 

What is generally spoken of as the density of a vapour E* the 
weight of any volume under given condition a of temperature anil 
pressure, compared with the weighu of an equal volume of dry air 
(sometimes hydrogen) under the same conditions* lhis t theu r is iioe 
the density of the vapour, in the correct rtme of the word, but rather 
its specific gravity—air lit the same pressure and temperature being 
taken as the standard of comparison. 

bet w lie the weight of a volume r of vapour at. a pressure j* and 
temperature ft Let be <lie weight of air per unit volume lit 0 C., 
and * pressure of 7fl0 eim. Then the weight of a volume « of air in 
temperature 0 and pressure p ■» 

j _ _.. i' 

Consequently by definition the vapour density is 

W 
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^ if' w? D r' p ' 278 ' ‘ ‘ * 

when) w l} = 0-001293 gramme per cubic centimetre. Emm in order 
to measure p we rtw|uire the volume, tempemturo, rind pressure of a 
known weight of the vapour* 

The refill of a single experiment furnishes the vapour density at 
the temperature and pressure wider which the experiment was made, 
II the vapour obeys the laws of Boyle anti Charles (or rather obeys 
them to the suin' extent that air does), then the vapour density thus 
determined will always be the same whatever the pressure and tempera. 
Hire. For in this cue we shall have /*■ = KU in the equation for ft , 
and coirnequently 

Tf Tao 
' *j"aK 

which is independent of pressure anil temperature. 

If, therefore, it were found by experiment that remains constant 
as the pressure and temperature are varied, we should conclude that 
vapours up to their point of sain ration obey the laws of jmrfcet gases. 
It in found, however, tluit this is by no means the qua. Asa vapour 
approaches its point of condensation, its density, as defined above, 
increases. That is, for a given increase of pressure there is a greater 
diminution of volume, ;tr constant temperature, than if Bovle’s law 
were obeyed. In other words, the product ;<v is not constant at con¬ 
stant temperature, but diminishes as the pressure increases. 

Xo perfectly general and accurate law connecting the pressure, 
volume, and temperature of a vapour, nr gas, up to "its condensing 
point baa yet been discovered. Sufficient experimental wort has not 
been executed in this department to leaf! to the deduction of any taw 
possessing complete generality. Several formula- have however l W fi 
proposed which apply to the fluid state w ith more or less precision. 
These will be considered later on (Section VII.), Up to the time 
of the experiments of Fairbairn and Tate (I860) no direct observa¬ 
tions of vapour densities at the point of saturation had been made. 
The method previously employed consisted in making an observation 
of the density at some definite temperature and pressure, and deducing 
the density at all other temperatures and pressures (evert that of 
saturation) on the supposition that the vapour obeyed Boyle's law 
This method, t hough obviously inaccurate, is practised in most ordinary 
work up to the present day ; we shall, therefore, describe some of the 
methods which have been employed in the investigation of vapour 
densities. 

214. Gay-Lussac’s Method.—The method employed by Gay 
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Luihio 1 was exceedingly simple, and specially suitable for the measure* 
mentof the v^xmr densities of volatile liquids* For liquids, however, 
which have a high boiling point the method fails. The apparatus i* 
shown iti Fig. 11G., and although it has been stipergreded by more 
accurate forms it sufficiently illustrates 
the priiuiplc of I lie method. It consists 
of an iron dish con tain tug mercury in 
which a till graduated glass tube AB 
filled with mercury tainverted barometer 
wise* This tube is surrounded by a glass 
cylinder open at both eads p which is 
filled with water, and can bo healed so 
as to beep the inner tube at a fairly 
fired temperature. The apparatus being 
ready for experiment, a weighed quantity 
of the liquid under investigation Is sealed 
ll p in a small glass bn IK or placed in a 
filial I stoppered phial* which is slipped 
under the mouth of the inner tube. 

When lot go if rises through the mercury to the fop of i.fao tube, 
where, under the diminished pressure and increased temperature* 
it bursts, and the liquid is all vaporised if the tempura lure in¬ 
sufficiently high, or the space above the mercury sufficiently large. 
This being secured, the volume oueupiud by the v;i|w>ur in rend off by 
lueans of the graduations on the tube, and rhi; pressure is determined 
by measuring the difference of level between the mercury in the tube 
and cistern. 

The temperature is taken m that of the hath, which should be 
constantly stirred to secure uniformity. Stirring, however, will cause 
oscillation of the mercurial coin tun* dnee the water rests on the 
mercury, and for that reason the apparatus is open to the same objec¬ 
tion its that of Dalton for determining the pressures of saturated 
vapours* The difference of lovel between the surfaces of the mercury 
in the tube and cistern is determined by means of a catheUm&oter, and 
a vertical screw painted at both ends. The length of this screw is 
accurately determined, and the lower end is placed in contact with 
the surface of the mercury in the cistern. The difference of level 
between the surface of the mercury in the tube and the upper end of 
the screw is determined by means of a ca the t ornate r f and this, added 
to the length of the screw, gives the elevation of the mercury in the 
lube over that in the cistern. This column corrected for tempo rat tire 

1 Osy-LusHC, dr ChiBWi 1 H avr., tom. Ixu. p* SIS, 181t. 
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and subtracted from Hie height of the barometer, also corrected for 
temperature, give* the prepare of the vapour. 

Thu prepare* volume* and temperature of the vapour lieing thus 
known a* well as SLs weight, the density is found by means of the 
formula a[ Art-. "213 — 

raow© 

p_ OOOl 2^x27iyv' 

By varying the teiajieraturo of the bath or tho quantity of liquid h 
the vapour density at different stage* approaching 
” the point of saturation may bo determined, and 
a comparison of the remits will indicate the extent 
and nature of the departure from Boyle's law. 
At high tempomtureAp however the tension of the 
mercury vapour becomes, considerable, and this 
method become* inapplicable, 

The apparatus of Gay-Lussac has been modified 
and improved by Hofmann. In the new form 
(Fig. 117) the vapour tube is about 1 metro 
long* m that the vapour is contained in tbe 
vacuum of a barometer tube. The water bath is 
replaced by a steam jacket (rd) Y m that, a constant 
definite temperature may be maintained* The 
liquid is enclosed in a very small stoppered bottle 
which rises to the surface of the mercury, and 
under the diminished pressure the stopper is ejected 
and the liquid evaporates. Other vapours than 
water may be used in the vapour jacket, or the 
water may be boiled at other pressures than that 
of the atmosphere, by attaching the tube tl to an 
air-pump by means of which the pressure inside 
the jacket may be varied, and different debnike 
temperatures are thus at our disposal. Since in 
this form the liquid evaporates in a Torricellian 
vacuum, the vapour is formed under a much lower pressure than in 
Gaj«taiBsae T * appor-ntuo, so that the vnjwur density of a liquid which 
boils in air, say at 150“ CL, may be deter mined by use of the steam 
jacket. This is of great importance in the cast. 1 - of those: substances 
which decompose at their boiling [joint undvr ordinary atmospheric 
preesure. 

21 b. Regnstult*fi invesUgutfons. —The principle nf thu method 
employed by Eegnault 1 in his study of vaj.»oiir densities was the same 

t Ekyuaiilt* jfHH. dt Chifhie U dt Phyniyur., ^ sAr. # Uflft* St. p r HV„ 
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a a that of Gay-Lu^ae* but the apparatus was different in several 
respects, being similar tn that used in his experiments on the procure 
of saturated vapours (Pig, 107). A weighed qiuuitily of the liquid 
was sealed up in a small bulb, and placed in the globe of the vapour 
chamber. The barometer tube was diseased with, and the vapour 
tube was attached at its lower end to another vertical tube, open at 
its upper end T so that the two tubes thus joined formed the two 
branches of an open air manometer. The surface of the mercury was 
always kept at a constant level in the vapour tube, so that the 
apparent volume of the vapour waa always the same. 

This volume being accurately known at one temperature* the 
volume at any other temperature is easily deduced from the known 
coefficient of expansion of gloss. The weight of liquid was previously 
daterminot), ao that it could be completely vaporised in this s|iace 
at the temperatures employed. The pressure due to the residual air 
left in the apparatus was accurately determined before the vaporisa¬ 
tion of the liquid* and this, corrected for change of temjiomture 
and subtracted from the pressure indicated by the apparatus, gave the 
pressure of the vapour. Being thus furnished with the pressure, 
volume, temperature, and weight of the vapour, its density may be 
determined as above. 

The advantage of this form of apparaE us over Gay-Lussac 1 * lies in 
the structure of the I with, which could be constantly agitated and 
maintained at a uniform temperature throughout without disturbing 
the mercury, 

Regnaidt's first series of oxperimerits related to the density of 
water vapour at 100 C. T and under pressures not greater than half 
an atmosphere. Within these limits he found that Boyle’s law was 
very closely obeyed. 

The second series of experiment investigated wafer vapour under 
feeble pressures and near the ordinary temperature nf the air* From 
this series he concluded tluit Ikjyh- s law might be applied up to a 
saturation fraction G'£h The departure from the law after thb [Joint 
ho thought might bo due to anomalous condensation artring probably 
from contact with the wall* of the vapour chamber. 

The third series dealt with the density of water vapour in air at 
its saturation point between 0 and 25 G. t the conclusion being that 
Boyle’s law waa obeyed up to the point of condensation without vary 
serious error. 

216. Moyer's Method. —The method designed by Victor Meyer 
depends on tin ingenious device for measuring the volume of the 
vapour. The apparatus is shown in Fig. 118, It consists of a 

2 D 
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Cylindrical bulb B furnished with a long narrow stern* from which a 
fine toby brandies otT near tht; top md dip* under the surface of 
* basin of mercury. Immediately over the end of this branch tube 
a graduated glass tube I> tilled with mercury h inverted Uurooieter- 
wise in the basin of mercury. 

In making an cxperiraefil, the bulb B is halted by Immersion in a 
bath to the temperature *t which it is desired to make the expert- 
menL During this operation the air within the 

y buib ojc] lands, and may be allowed to escape into 
the :iir through the aide branch, over the end of 
tt’hich the tube D has not yet been inverted, 

- ^ hen B has attained its stationary temperature 

the graduated tube D is inverted over the end 
of the branch, and a am all flash containing n 
known weighs of the liquid under investigation is 
quickly introduced into H through the stoppered 
end C of the stem which is imniedlately closed. 

I he temperature of the bulb being well above 
the hoi ling point of the liquid, the contents of the 
flask sire valorised at once, ansi the vapour thus 
quickly formed pushes the air before is through 
the side tube, whence it rises through the mercury 
into the graduated tube D. When equilibrium is 
Ki'. ns. sit Sained a certain mass of air has been cupelled 

which can be determined by observing its volume, 
temperature, and pressure in the tube D. The result of the whole 
process is that the spqee previously occupied by this mass of air irt 
the bulb is now occupied by a known mass of vapour at the same 
temperature and pressure. The relative vapour density is copse- 
qucntly found by dividing the mass of the vn|K>iir by the mass of she 
Air displaced. 



tn order to prevent fracture of the bulb when the .mail flask 
which coniains ihc liquid is dropped in, some ashestos is placed at 
the bottom of the bulk 

217 Dumas's Wethod. -This method 1 is specially adapted for 
the study ol the vapour densities of substances which posses a hfgt 
boiling point* and for which an apparatus involving the use of 
mercury fail*. 

About IS or 20 grammes of the substance are placed in a thin class 
flask B (tig. 1 It') of about half a litre capacity, and furnished withe 
narrow stem p drawn out to * E H»„t. A glass flask may be used for 
' Dhaim, Ann. tfr Chimi* rf J, ^ Umu . „ x|E _ p ' m ^ 







Ah* 217 


VAPOUR DENSITIES 


403 


t4'HipiBciitCDM up to about tOO" C. T the [mint at which glass begins to 
'Ofiut\. For higher temperatures a porcelain vessel nuiy bo employed. 

The Busk is placed in a bath of oil, or some fusible metal, the 
temperature of which k well above the boiling point of the substance 
under examination;. Wood's fusible 
alloy is a very suitable substance for 
Biidi a bath, m it fuses at 70 C,, haft 
a high boiling pointy and gives oET no 
fumes. 

When boiling sets in, the air is 
gradually expelled from the flask, and 
after some time nothing remains inside 
but the boiling liquid and its vapour. 

The temperature of the bath being well 
above that of the boiling liquid, a strong 
jet of vapour issues from the nozzle of 
the flask m long as any liquid is left 
with in. When the liquid is completely 
vaporised the rapid escape of vapour 
suddenly censes and the flask is leFr filled 
with vapour* which soon takes up the temperature of the hath. The 
nozzle is then hermetically sealed, and the flask is removed from the 
bath, allowed to cool, and its weight d eter mined * 

1 Ins weight. \\ is the sum of the weights of the glass flask and its 
contained vapour minus the weight of the air displaced by the flask. 
Denote those by \r lfr rr, acid rr 4 respectively, then 

W ^ w + w, - w?*. 

before the experiment the flask was weighed open, and its weight W 
represented the difference between the weights of the flask ami of the 
air displaced by the glass constituting it. Denoting these by itc y and 
Wj wo have 

vr~v w -wj 

Therefore 



rifj. UifL 


VV - W P ^ V - {T£ n - w m ')> 

The last term on the right band side of this equation is the weight 
of the quantity of air which will fill the flask at the temperature 
and pressure of the atmosphere when the weighing was conducted. 
Hence if is the internal capacity of the flask at zero, 0 C. and 
li the temperature and pressure of the air at the time of wefahiuz 
we have 

Wk - *r/™ flwasa 1 ^ 1 ^ - H 

I-Hsdf fSD 
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where noil u urn the coefficients of expansion of glass and aiir 
reflectively- Hence the weight of the vapour is 




]^ow thin weight of vapour tilled the Hask at the temperature of the 
haili ancl the pressure of the atmosphere at the time of sealing the 
flask. The volume, pressure, and temperature of a known weight of 
the vapour are therefore known, and its density is determined by the 
ordinary formula. 

On account of the great length of time required to complete an 
experiment by thi-S method the weights W and \\~ r are determined at 
times when the pressure and humidity of the air may differ consider¬ 
ably, and correction in this res j Kiel may be necessary. Further, 
in applying this method great care should hr tnkeTt to procure the 
substance under investigation n# pure as possible, ]f *ny impurity 
of a higher boding point than the -substance lie present, then the 
sLilj4lancc whose vapour density is sought will vaporise first and the 
impurity will remain behind to the hist* so that the vapour density" 
determined will Stc that of the impurity or of an exaggerated mixture 
of the impurity and the substance. 

If during ebullition the flask is connected with a partially exhausted 
chamber, the temperature of ebullition will he greatly reduced, and 
a modification similar to that applied by Hofmann to Cay-Lusaac's 
apparatus will lie introduced. This method of operation has been 
used by Ikdrernmun, 

MM. Henri Saihte Claire Devi I la and L. Tmost/ by using a porce¬ 
lain thtsk, the nozzle of which could be sealed by an oxyhydrogen 
blowpipe liiive determined the vapour densities of sonic anbstimces 
having very high boiling points. Stationary temperature hatha were 
obtained by employing the vapour of such frqbstanccfi ns mercury t 
which boils at $50 C. T sulphur MO , cadmium hiuI zinc 1040 h 
The flask was placed inside the vessel in w hich the vapour was gener¬ 
ated! and was protected from radiation to the wall* of it by being 
surrounded l>y a diaphragm of wire gauze. 

218 . Density of Saturated Vapour -Experiments of Fairhaim 
and Tate. —In order to determine ' the density of a vapour at 
the point of saturation with accuracy, u is not legitimate to find 
the density of i he superheated vapoui* and then deduce that of the 

1 D.' villa and Trowt, J&miu** k>m, xU\ |L S2} ; Jtw. <1* CM mu it 

Phywgu*, :r ^r., t*na- MIL \k ^7. lSft, [Th* tailing ]mnts r >f ensnary, 
sulphur, ntc., tare given are Ita smmlwrH hy Lkwilh- *ud Tnx&t m thdr 

ftjpsramiMtM.] 
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jtutumii'il vapour, on the assumption that Hoy to'* law i* oI toyed up id 
the point of condensation* The great difficulty to he overcome in the 
direct, determination of the density of a saturated vapour lies in the 
accurate observation of the volume of n given weight of the vajmur 
when saturated, or exactly at the condensing point. 

The principle of the method employed by Fairbjiirn and Tale ] fop 
this purpose L j|li nitrated by Fig. I!2lK Let A arid B lie two equal 
globes connected, m shown in figure, by a tube containing mercury, 
and let A and B contain different quantities of a liquid. For example, 
let A contain 20 gramme* and I! 30 grammes,, mid let die apparatus 
be placed in a batb the temperature of which can be gradually raised. 
As the temperature rises, more arid more of the liquid hi each bulb 
gradually passes into the shite of vapour- bur ?lh long m any liquid 
remains in each the pressure will be the same in both, namely, the 
saturated vapour pressure for the temperature of the Iwtth, A point 
will* however,, be reached at which all 
the liquid in A will be vaporised and 
some liquid will still remain in K. 

Up to this point the level of the 
mercury in the arms of the connecting 
tube remains fixed. A small difference 
of level, arising from the difference 
of weight of liquid in the two arms, 
exists, and remains constant nil nil the liquid lh vaporised in .me of 
them. Beyond this |Hdnt the vapour in A will become superheated 
and obi^y the gaseous laws approximately., but the vapour in H will 
he saturated m long as any liquid still remains. The procure in 
1! will now increase much more rapidly than that in A, so that the 
mercury will rise in the arm A. This takes place became the pres 
sure of a saturated vapour increase* more rapidly with temperature 
than that of a superheated vapour. 

Hence* if the temperature bo tinted at which the mercury just 
begins to rise in A, then it is known that at this temperature the 
liquid in A is all vaporised and just beginning to be superheated. 
The volume of [he bulb being known and the temperature noted, the 
pressure may hie found from a table of saturated vapour pressures, or 
Ie may be found directly by any form of pressure gauge, ao that the 
data for finding the density of tin; vapour at the saturation point are 
complete. 

The experiments were conducted by means of the apparatus shown 
1 Fairlmim *rnJ Tate, PUL fra**., IW, p ISfi ; in.| mL ,Vrry, Vo], iji, mi. 

p- m 
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in Fij;, 121, A known weight of water was placed in a glass globe 
A, which was about 1-f cm. in diameter, this globe was furnished with 
a stem about 80 cm, long and 1 cm. wide, the end of this stem dipped 
under the surface of some mercury contained in a glass 
tube which surrounded the Htem of A, and was firmly 
jointed ton me ml reservoir B enclosing A. This reservoir 
and the tube contained tome water, so that the interior 
of B was saturated with water vapour at all the tem¬ 
peratures used in the experiments. The pressure of this 
vapour was roughly measured by a pressure gauge G, and 
the temperature was registered bv means of a ther¬ 
mometer opened baked to the vapour, and corrected 
for the effect of pressure. The temjicrature being known, 
the exact pressure can lie found from Heguault’s tables 
of vapour pressure*. A nozzle p allows of the steam 
being let off at pleasure. 

The apparatus was healed by placing the end of the 
tube C in a sand bath, and B was at the same time heated 
by a gas burner. All the air was expelled from B by 
boiling for some time with the nozzle p open, and in 
order to ensure that A should contain no air it was tilled 
with mercury, and inverted with the stem under mercury 
before the liquid was introduced. As long as any liquid 
remains in A the vapour pressure will bo the same in IS and A, and tiie 
level of Llm mercury in the stem of A will remain fixed, but as soon as 
all the liquid in A is vajiorised the mercury will rise in the stem. 
Before this point the mercury stands somewhat higher inside the stem 
than outside, on account of the weight of the column of liquid in the 
tube ‘A The volume of A I wing known up to any point in the stem, 
and the pressure and temperature at which the mercury just begins to 
rise in the stem being determined, the data necessary for the ostium 
tiou of the density of the saturated vapour are at hand. Jn ordei 
to determine the -saturation point most accurately the vapour in A 
was superheated 10 or 20 above the point of saturation, and the 
difference of level ab of the mercurial column* was noted with a, 
cuthetotaster. The terajicrature was then gradually reduced, and the 
detenuination of the saturation [joint was taken from the observations 
on the mercurial column when falling in the stem of A rather than 
when rising, 

The results of these experiment* show that the density of satu 
rated vapour'is invariably greater than that deduced from'the laws 
uf gases. 
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If u denotes the specific volume of the saturated vapour—that is, 
the volume per unit mass— then* according to the authors of these 
experiments, the relation between p and r ns ay he written in the form 


v=if. ■+ • —. 


I he values of tho constants deduced from the experiments wore, if p 
is measured in millimetres in mercury. 


F- 26 U 2 + 


F+ 18 ’ 20 ' 


Near the [joint- of saturation the coefficient of expansion was almost fivu 
times that of air, but it gradually approached that of -:iir with *uper 
heating. 

219, Later Experiments.—The determination of the densities 
of saturated vapours was undertaken more recently by Perot. 1 
Two methods of experiment were adopted, both of which do|tended in 
principle on the isolation and weighing of a certain volume of the 
saturated vapour. In the first method a glass globe A, similar to that 
used in Dumas's met hen 1 {Art. 217), was placed inside a closed vessel 
B, connected with an air-pump. Dry air was repeatedly admitted to 
and pumped out of R, so that !>oth B and A were thus carefully dried. 
Finally, the vessel B was exhausted as dosely as possible* the residual 
pressure he lug only ). mm. In this process the flask A became 
exhausted also. Tho liquid under investigation had been previously 
sealed up in a glass bulb and placed in B. The temperature was now 
raised till the bulb burst, and the vessel B, together with the flask A, 
became filled w r ith saturated vapour. The temperature was now 
maintained constant for some time, and the nozzle of ihc flask A was 
then sealed up electrically. This being done* A was taken out and 
weighed. This gives the weight of the vapour contained, and hence 
its density may l>e found. 

In the second method two chamber.* A and B were connected by 
a tube furnished w ith a stopcock. The vapour was generated in one, 
A, and when the tap was opened the other chamber, B, became filled 
with saturated vapour* The tap was then closed, and the vapour 
drawn oil from B by means of an aspirator into drying tubes and 
weighed. The weight of the saturated vapour.which filled the chamber 
R was thus determined* and its density calculated in the ordinary 
way* 

M. Perot found that the two methods gave very concordant 
results. Thus the specific volume of ether vapour at 30 CL by the 
1 iVfot, i/-,’ rwriJ rA- /Vj .M.Ti'ijiii t r 2* mT,, tutaip viL |*. 120, 1S&S+ 


408 


THEORY OF HEAT 


c'li.vr. v 


fii'st method was 400 c.e,„ while by the second the specific volume at 
30 + Q2 C. wiifl 30 if-3 e.e. In the ease of water, Lem pern Lures much 
above 100 C m could not 3>a employed on account of the solvent 
action of water viqmur on gla&a ui high temperature*. Ii] the case 
of ether (he refill* of the experiments were represented by the 
formula 


r - m r -m 1S ■?$#ie +0 


SECTION V 


MIXTLKES UK GASES AND VASQUES 

220, Evaporation and Vapour Pressure in a closed Space 
occupied by a Gas—Dalton's Experiment. The first trustworthy ex 
periments ms the formation of vapours in spaces nl ready occupied by 
air or other gases were executed by Dutton wish an appratun similar 
to that depicted in Fig. 122, An air-tight gl&ss tlask was fitted with 
a barometer AM and a delivery tube t\ which cutuinuijicaUjd with an 
air-pump by me&iis of which the flask could 
be exhausted or the pressure of the gas 
within it modified at pleasure. A funnel 
furnished with a tap* contained a quantity 
of the liquid tinder experiment, and by open¬ 
ing the uip u riliutll quantity of the liquid 
could he passed into the flask in older that 
its vapour might be studied. If the flask 
is exhausted, the finst drops of liquid are 
vaporised immediately after admission : hut 
if the interior is occupied by air or any 
other gas the evaporation takes place much 
more slowly p mid the greater the pressure 
of the gas the more slowly does the evapora¬ 
tion take place. In a vacuum the evapora¬ 
tion ib rapid, ami the vapour quickly at tains 
its maximum pressure l but when -dr i)r any 
other gas ib present, the vapour procure gradually increases, and it* 
progress may bo observed by means of rise barometer AM with which the 
flask is furuisbocL As tho evaporation progresses the barometer rises? 
showing that t he pressure within the flask is increasing; am] as the 
volume of the flask and Ehe quantity of gas within it remain fixed, 
this increase of pressure must be due solely to the formation of the 
vapour; and may he regarded a- the vapour pressure. The total 
pressure within the flask, from thi^ point of view, is regarded its the 
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sum of the initial pressure of the gas and that of the vapour, and 
Dalton found that the increase of pressure ultimately produced by thfc 
evaporation of a Liquid in such a cIumm! apace is the aune whether 
the space be filler] with a gas or empty, and that this increase fa equal 
to the maximum vapour pressure of the liquid for the temperature at 
which the experiment is made. In other words, if a space of fixed 
volume he initially tilled with a gaa at pressure p t and if a quantity 
of Liquid* whose maximum vapour pressure at the temperature of the 
experiment is h, ho introduced into the s]iacc and allowed to evaporate 
so as to saturate the space, then the final pressure within the space 
will be 

P=j*+F. 

I he resulta arrived at by Dalton were subsequently confirmed hy 
Gay-Liasac with the convenient form of apparatus shown in Fig. 123 . 
One of the arms AH of an open air manometer fa furnished with a 
stopcock F, over which a funnel* also furnished 
with u tap Q, can be screwed on r The pin of 
the tap G is not pierced through with an aper¬ 
ture so as to permit of a continuous flow of liquid 
from the funnel above, but is merely furnished 
with a cavity U which when turned upwards 
filled with the liquid contained in the 
funnel, and when turned downwards dischargee 
itself into the arm AE below. Thus each time 
this tap is turned the full of the cavity of liquid 
is introduced into the spa^e below, arid hv this 
nutria a known quantity of liquid may be placed 
in the arm AB at any time. 

la making an experiment the apparatus is 
first thoroughly dried by means of a current of 
dry uir t and it is then filled with mercury. 
Some dry gas fa then admitted into the arm AB 
by placing the tap F In connection with a 
reservoir of the gua, and permitting the mercury 
to escape through the tap K These tape are 
finally closed, and the pressure anil volume of 
the gas in the arm Alt noted. Drops of liquid are then in trod need by 
the tap G f and m they evaporate the mercury rises in the arm CD 
and fall* hi AB r until the A becomes saturated. The vapour 

lum now reached it* maximum pressure, and no increase of pressure 
fa produced by the further introduction of liquid. 
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Iii this form of the experiment the condition* ure not exactly the 
same as in the experiment of Pulton, for here the space occupied by 
the ga* and vapour increases m the pressure rise*. while in D«lton'$ 
experiment the sjkico remained constant Hence, if p and r lie the 
initial pressure and volume of the gas t its pressure }*\ after the forma¬ 
tion of the vapour in the experiment of Gay-Lussac, when the volume 
has increased to e, will be j/ - prr, the temperature being constant, 
and the final pressure will not bo p + F as before* but w ill be 

r-=j>’+*-^!+F. 

By observing the pressures P and p and the volumes e and v the 
vapour pressure i + can lie ton (id. The results of thu experiments of 
Gay-Lussac confirmed the conclusion of Dahon that the vapour exerted 
the same pressure whether in a vacuum or in presence of a glia or 
mixture: of gfls£& + the total pressure of a gaseous mixture being the 
sum of the pressures which the constituents would exert its the space 
if they occupied it separately ^ It was there Fore concluded that, at 
least as far as the resultant pressure is concerned* the mixed gases are 
without influence on each other. 

These experiments were not sufficiently numerous or accurate to 
establish the general truth of Dalton's law on a sure basis. -V priori 
the law does not appear probable* for if several liquids be admitted 
simultaneously into the tla.i-k in the experiment- of Dalton, each should 
produce its maximum vapour pressure independently of the others, 
ami by increasing the number of liquids the total pressure w itlun the 
flask could bo increased indefinitely. The law can therefore be only 
approximately true within certain limits, and M. Eognault L was 
consequently induced to investigate the behaviour of mixed gases and 
vapour* more closely and completely. The apparatus employed was 
the same as that used in the determination of the pressure of 
saturated vapours. Having determined the maximum vapour pressure 
in si vacuum between *ero and 40 * V. f he repeated the same measure¬ 
ments whan the apparatus contained air or nitrogen, and constructed 
a table of the maximum vapour pressures in presence of these gases 

1 Renault, Am*, d* Chimk 1 1 df a* ^r HP tom, sv. p. 12®, 
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Tprri|wriilinTT>, 

Vjipnur rfWiufr. 

1Kl HjerHiicv, 

In -JUr, 

tn m V^qinn. 


mm. 

DDL 

num 

0 

*7 

1-80 

0-13 

15-00 

1238 

12-70 

0*32 

21,07 

IMS 

ims 

0-30 

2-1 -tiS> 

22-73 

23*14 

fMD 

31*00 

fee? 

as-ii 

0-41 

ar. o: 

-13-30 

14-13 

0-71 

38*00 

■18-70 

lin Nltngi'ii.. 

40-30 

0*00 

0 

MSI 

1 CO 

0*20 

1M9 

13-2P 

13,00 

o-eT 

21*40 

1*81 

1S-03 

0*42 

25*50 

23 71 

24-27 

0*58 

0250. 

3S<02 

3«*3S 

0*10 

37 ol 

47*80 

1S-03 

0-83 

3MI 

S3-72 

51-3S 

0-04 


This, table shows that the vajtour pressures in the gje* e very 
nearly equal to* hut a little less than, the corresponding maximum 
pressure in a vacuum ; and as the mcaflUittmente in Iwjtlj set* el experi- 
ments were made with the same apparatus this differcure cannot be 
attributed to the apparatus. Rcguault feared that the oxygen of the 
air atiackerl the mercury, and for ih ir reason he also employed nitrogen, 
hut found the same difference* ho that he was forced to the conclusion 
ihai the vapour pressure is a little less in a gna than m vacuo* 
Kegnjiult thought this did not militate against the jioeaibfe (ruth of 
Daltons hw s but considered that it might be explained by the con¬ 
densation on the walla of the vapour chamber, and perhaps to same 
extent by the slowness of evaporation in a gas which prevents the 
fiiud stage being reaebotL This view appeared to l*e confirmed by the 
subsequent work of Harwjg. 1 Tn order iu determine the influence of 
the chandler walls Heriiig introduced a small quantity of liquid into 
the vapour chamber, ao that the space was not saturated. He then 
gradually diminished this space till the vapour became saturated, and 
further diminution produced condensation. IVi th certain liquids, such 
m alcohol and bisulphide of carbon, the corresponding pressure was 
the same as the maximum vajMur pressure; but with others, such 
as ether and water, the pressure continued to increase after the 
first appearance of dew aa the capacity of the vapour chamber wo* 
decreased. - f h is eBeet was m ore marked a* th o tern perm ture was lo w er, 

J Hiirvrijtf Jnn. Raint eixivii 1&0B, 

a l&Tml foreign iihjukiMa han* *Ut«l tUt die premiare of a seamed vuicLir 
Spends slightly ra the relative 0 f liquid utd vapour. Pruf^^r, r^, tty 
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The loregoing experiments show, within the I units to which they 
wore carried* that when a apace already occupied by air or any other 
gas i* saturated with a vapour, the pressure exerted by ihe vapnir i* 
praclieaUy equal to the maximum pressure which the vapour would 
exert in vacuo at the sume temperature, It was for thia reason 
assumed by Dalton arid Li* followers that the vapour density in the Yiiwnr 
gas—that i^ T the weight of vapour per unit volume — was the same as ,leU!iit T* 
in vacuo. This* however* cannot be assumed as a consequence of the 
fact that the pressures arc the same. The point remained to l*c 
tested by experiment. The quest ion was finally settled in the affirma¬ 
tive ty Kegnauit. 1 Air saturated with water vapour was drawn by 
meaiM of an aspirator through a system of drying lobes an in the 
chemical hygrometer {Art- 229). The volume of air drawn through 
the tubes, was measured by the quantity of water which escaped from 
the aspirator, and the weight of moisture contained was calculated by 
weighing the dry big tubes before and after the experiment. The 
following tahie after RegnauU show,- Low closely the observed and 
calculated weights* agree 


Weight vf VajNrtr. 

i 

Dlibrnm. 

LUeiiklrtL 

ObiCrral, 

0 0-273 

O-llT.'S 

0-000 

ii-fff. 0-^4 

0-421 

0-000 

13*Sfl 0-660 

Onfi^a 

0007 

u-es Q-730 

0+731 

0 00$ 

20-&7 1-013 

1+010 

o-oosi 

5J5-H i-aas 

i-m 

0-013 


We conclude, therefore, that at least within certain limits in a spate 
already occupied by a gars a liquid ultimately evaporates to the same 
extent as in a vacuum, the proceed being merely more slow. 

221* Dalton's Law* —When several gjisc^ which have no 
chemical action on each other arc contained in the same vessel* the 
pressure of the mixture may be determined by means of a simple 
rule known as I laltmi's - law- According to thia law the pressure of 
a gaseous mixture on the walls- of the containing vessel is equal to the 

Ml. i Yeung hiivfc J'uCLU'i J3U iHnll effect wlwn great sire WJU Used toniapby perfectly 
pure tusteriulrC] IritUnthi) vapour chamber sad t hii hath used to keep its tanpenLtnny 
c*i&jtiiiL Th^i jux^i'Uim' -i-f very auiall >[l^Ulith-e of Impurity w*-re euflicieal te pru- 
diLis- the eiTiet slated. -Slu PML M\ig^ February smd EWiafettf 3?',^-] 
a Ann, ffr Chimif. S t #^r.. tutu, *v. p 130* 1B45- 
■= ballon, Itcmvir* a/ Jfan*k(*(tr PMl &m-, eeL v. p 1802, p. $43, 
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sum of the pressures which the constituents would exert if eat:h 
occupied the vessel separately, According to Dalton's view each 
gas in the mixture may be considered as diHinted throughout the 
whole ve#sel T so that all occupy the same vnlnme T namely, the whole 
chamber, 

If the gases be taken a# ideal substances obeying Hoyle's law, ami 
if the molecules in the mixture are outside the sphere of each other's 
attraction that is, if they move about independently of each other, 
except in » far as collisions may occur, then the bombardment on the 
walli of the containing vessel by the molecules of the mixture will be 
e[|Lia| to the stun of the actio iu w hich would be exerted if etich gas 
occupied the whole space separately. Then 1 will, however, obvious I y 
be a limit beyond which the law will cease to be true and Income 
more and more Inaccurate* It the number or She quantities of the 
gjises i ei a given space be greatly increased, or, w hat is the same thing, 
if the space occupied by a given mixture is largely reduced so that the 
pressure of the mixture is great, then the molecules will not posses 
the freedom of motion necessary for the truth of the law. They will, 
under the great pressure, be brought into such idose proximity that 
the motion of any molecule will be influenced by the others. The 
free path will be lost to some extent, and the molecular motion will 
begin to acquire the characteristic* of that which occurs in a liquid, 
Boyle's law will be more and more departed from, and as a consequence 
Dalton's law will also cease to be true. 

If, however, the gases are far removed from their condensing 
points, so that we may ass Lime Hoyle's law to hold for each con¬ 
stituent as well as for the mixture as a whole, then the sum of the 
products jw for the constituents will lie equal to the product PV for 
the mixture, or 

m+A%+JVa+ - ■ . -PV. 

If, now, each gas is diffused throughout, the w hole chamber, a* Dalton 
supposed, th etei 

so that the equation becomes 


or 


v (|>i + Vs ^Fi + etc'. ] - PV, 




—that is* the whole pressure is the sum of the partial presaum. 

If, on the other hand, the gases arc superimposed on each other in 
layers, they will hjive a common pressure T Lind 


\\ 
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But ici this e;urL' we have ulao 


60 that 


Pr, -p^t F *Zt-F*V, 



— that is, the total procure F is equal to the sum ^ of the pressures 
which the gases would exert if they each occupied the vessel ^pa¬ 
ra Lely. 

In the case of vapour* the law lb approxiuutcly obeyed within 
certain limits and with certain restrictions. In 18 In GayLtiasa* 1 
found that the Vapours of alcohol and water mix like two gases which 
have no action on each other, the density and pressure of the mixed 
vapours agreeing closely with that deduced according to Dalton's law. 

In 1826 Magnus : proved that when two liquids which do not mix 
are introduced into the vacuum of a barometer tube, the pressure of 
ihe mixed vapours at my temperature is equal to the mm of the 
vapour pressures of the two liquids. But when the liquids jioBse&s 
the property of mixing with sack other, the behaviour of ihe vapour Miittm, 
is greatly modified- The pressure of the mixed vapour* is no longer 
equal to the *um of the pressure* of iia constituents acting separately, 
but is always less than this cum^ and often less than the vapour 
pressure of the moat volatile constituent. This appears to contradict 
the observations of Guv-Lussac on the pressure of the mixed vajiours 
of alcohol and water : but, && Magnus has pointed out, the conditions 
under which Gay-Lucie’s experiment was made differed from those 
by which these conclusions were established. In Gav-Lnsaac J s ex¬ 
periment the mixture of water and alcohol was completely vaporised, 
whereas in those of Magnus an excess of the mixed liquids was always 
present In cOutaafc with the vapour. 

The matter was subsequently investigated by Regnault* in hLa 
work on the elastic force of vapours, and his experiments confirmed the 
conclusions of Magum Thus l\ was established that the prasttuc of 
the vapour of & mixture of two or more liquids which do not mutually 
dissolve each other was equal to the sum of the vapour pressures of the 
constituent* considered neparately, at the same temperature; but 
volatile liquid* which mutually dissolve each other gave a complex 
vapour pressure which ww n| way* less than the sum of the vajiour 
pressure* of its cousin norite Thus when water is mixed with u 
substance, aueh as sulphuric M-kl, which is mid to have a strong 

1 jinn. rft. €Mmi( r totri. xnv, |*. 3JU IfilS. 

: Hagtui*, Ann. Band p. 4$g, 1BSW, 

a Rouault, dtlAeadjrnic, tain, jjyi. p, 722 , 
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“affinity for it, the vapour pressure of the mixture dint in ishes us the 
proportion of add U Erturented, A weak solution hns nearly the same 
vapour pressure as pure v:Lter T while the vapour pressure of u very 
strong eolation is almost aero at ordinary temperatures, Regnsujt 
also extended his work to mixtures of gases smd va|K>urs, and con¬ 
cluded ihut in these eases Daltons law is very closely obeyed , arid 
that in ilLL the rases examined it would probably have been verified 
rigorously but for the action of the walla of the enclosing vessel. 

These conclusions can not, however , be pushed beyond certain tint its. 
/Vs already pointed uut t ii the pressure be incramid f [lbt' vapours and 
cease to obey Moyle* law approximately, and Daltons law ceases 
to by true under the same conditions. The ] treasures under which 
the foregoing experiment* were conducted did not exceed two atmo¬ 
spheres, and for this reason -Andrews J took np the question anti 
examined the properties of u mixture of nitrogen and carbon dioxide 
under high pressures. The results of his investigation led him to 
conclude that under high pressures Dalton's law is largely deviated 
from, and that it is probably only strictly true for gases in the 
socaUed perfect state. 

It appears from the experiments of Andrew* that when strong I v 
compressed carbon dioxide and nitrogen are mixed, a notable expansion 
occurs, varying from 9 at rd) atm. to as much as 39 at SU atm., 
when 3 volumes of nitrogen were mixed with s volumes of carbon 
dioxide. On the other hand, no very marked difference was found 
between the total pressure and the sum of the |mrtial procures. A 
series of investigations with various gjises has been made by F r 
Braun - which shows that when two gases, at the same pressure in 
different vessels connected by stopcocks, are allowed to mix, a change 
of pressure occur* consequent on the mutual action of the two gaiter 
This change may h& either positive or tiegative. Tims there appears 
to be a decrease of pressure when SO* mixes with CO s> hydrogen, 
nitrogen, or air. and ah increase of a fraction of a millimetre when 
hydrogen mixes with CO.,, air, or nitrogen. 

Byorometmv 

222. Fraction of Saturation, or Humidity,—T ho atmosphere 
consists of a mixture of oxygon, nitrogen, and aqueous vapour, 
together with small quantities of other substances. The jiereenta^e 

1 Andrews, Phit r Trans. M I8-S6=£i7. 
a F. lirjnan, IFittL Jan. Baud Jcxxiv. p. Ole, ISST, 
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of vapour lh .very variable, depending on the temperature and other 
modifying drcuiflsmtfiefi. We have already seen that at a given 
Lem perai it re a given space will contain a certain definite weight of 
vapour at its maximum pressure. This is the greatest weight of 
vapour which the space can accommodate/ and at this point the space 
is said to be saturated or filled with saturated vapour. It has been 
proved, moreover, by Itegnauk (Art. 220 ) that the presence of a ga* + 
at least at ordinary pressures, does not a Hu it the quantity of vapour 
which a given space can contain* ft merely affect- the rate of 
evaporation; but ultimately the quantity of vapour at the saturation 
point that can be contained in a given spice is the same whether 
the sjvice is vacuous or contains air or other gases. The quantity of 
vapour required to saturate a given apace depend* only on the tesn 
per&ture, and when the temperature is known, the pressure of (he 
situ rated vapour can be found from the fables of sat urn toil vapour 
pressures already compiled by Iteguauli and others. 

If the apace is not ^unrated. how ever, the vapour pressure will 
hu less than the maximum value for the corresponding temperature, 
Thu ratio of the actual pressure of the vapour in a spice to the 
maximum, or saturation pressure for the same temperature, is called 
ihf frarjum ttf saiuraH&tt, It is on this element that our opinions of 
the dryness or dampness of the atmosphere are chiefly formed* The 
air is ordinarily said to Ihi damp when it is saturated or nearly 
saturated with vapour, It nos the absolute quantity of vapour in 
the air that determine* its dampness, but merely the proximity to 
saturation* For example, an atmosphere saturated at 10' C. will he 
not nearly saturated at 20 C. T allhcuigh the quantity of vapour in it b, 
exactly the mm® at the latter temperature as at ihe former. Heating 
an atmosphere lewen.s the fraction of saturation* and cooling increases 
it if the quantity of vapour in the atmosphere bo kept constant. The 
fraction of Aitturation is often referred to sis the humidity, or relative 
humidity of the air t since onr sennit inns of dryness and dampness 
depend ml her upon this factor than upon the absolute quantity of 
vapour present. Thus in winter the humidity of the air generally 
much greater than in summer, although the quantity of vapour present 
iu the winter may be much I css, on account of the lower temperature, 
than in summer. 

The fraction of saturation may also lie expressed sts the ratio of 
the weight hl of vapour con mined in a given space to the weigh! W 
of the quantity which would saturate the same spaue at the same 

1 [Till- refer* onlj to fetat^ of stable equilibrium* SupeiiMtcniti&ll is fiouiKtr, 
Irnt the k-rnulitiwn n {Art. 2ll|,] 
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temperature. For if the vapour obeys Boyle*a law up to the |hjiiL t of 
saturation (which is approximately the cose), then rise weight con¬ 
tained in a given volume its dimply proportional to the prepare, and 
we have she epilation 

w _/ 

w=r 

It thus gppfthin tSuit two general methods arc available for determining 
the fraction of saturation* or humiditVt of the atmosphere. One by 
Ascertaining directly the weight te of vajjour in a measured volume 
of air T and then Ascertaining from Regnault 1 !* tables the weight W of 
vapour which would saturate the same volume at the same tempera¬ 
ture. This is the method practised in the chemical hygrometer* 
The other method consists in determining the actual pressure/ of the 
vapour in the air, and then ascertaining the maximum pressure F at 
the same temperature* from the tables of vapour press urea, 'Hi is is 
the method practised in all dew point instruments. 

223- The Dew-Fdint.—If an atmosphere containing some aqueous 
vapour be gradually cooled, a temperature will he reached at which 
the vapour will begin to condense. This temperature is called the 
dew-point. It is obvious !y the temjHirature at. which the quantity of 
vapour actually present won hi saturate the air, and it depends there¬ 
fore only on the absolute quantity of vapour present per unit volume. 

When the dew-point is known, the pressure / of ihe vapour in the 
nir can he found at once. For siippo&c we have a body A, the tem¬ 
perature oi which can be gradually reduced. As the temperature of 
A falls a jtoinl will be reached at which dew will begin to & deposited 
on its surface*. Hence at this temperature the vapour around the 
body A b at its maximum pressure, for at this temperature and 
under this pressure (namely/, the vapour pressure sought) coudenaa- 
tion is taking place. The actual pressure of the vapour in the air is 
therefore equal to that which would bring it jusst to the condensing 
I taint at the temperature of the dew-point. In other words^ the actual 
pressure of the vajjoiir is equal to its maximum pressure m the tem- 
[leratura of the dewqjoint. If, therefore, the dewqmint is known, the 
maximum pressure for this temperature cun be found in the tables of 
vapour pressures, and this is tint actual pressure / of the vapour in the 
air. The fraction of *ntumtioD then will be the ratio of tin 1 maximum 
vapour pressure/ >iL the dew-point to the maximum pressure F at the 
temperature of the air. 

[ The above reasoning would not hold, if the vapour pressure were 
appreciably altered by cooling the air to the dew point. When moist 
air is cooled under constant atmospheric pressure it contracts, and if 
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the siar and water vapour still support the *amc proportions of the 
total pressure ei* before, their cocrticients of expansion must be equal. 
Thi* is approximately tlie case* See Dalton’* law, Art. 221,] 

224. Dew-Point Hy^romaters. All daw-point hygrometers Eire 
merely instruments for determining the devv-|ioiui f and depend in 
cun*.! ruction on some method of cooling a body gradually in the air 
till dew begins to he deposited on ll In the const ruction of such an 
instrument the two objects to be kepi in view are: (1) an accurate 
means of determining the instant at which dew begins to be deposited, 
and (2) mi exact knowledge of the temperature of (lie surface when 
the deposition of dew just, begins. 

A phAnomBUon commonly observed in dining-rooms is the depoa 
lion of moisture on the surface of a glass containing cold water. 
When water-carafes are tilled with cold water and placed on the 
table of a warm dining-room,, it often happen* that their surfaces 
become cohered with a deposit of dew which sometimes accumulates 
to such an extent that dro|is of liquid trickle down the side* of the 
Tend. This hnp|iersrt hecamso the temperature of ilie water is lower 
than the dew-point of the Eiir in the room, nnd, as a consequence, the 
vapour condenses on the surface of the carafes or water^ghissoa, and 
continues to do so till the temperature of the water rises to the dew 
point. If the temperature of the water wore noted when it is just 
cold enough to produce condensation, we should lhen have the dew- 
point, and thence the fraction of wani ration. 

A similar condensation occur* on the surface of a tumbler contain¬ 
ing water in which some ice is placed. If ilic ice, 1 or ice-cold water 
were carefully added, the tcni^rature could be gradually reduced to 
the dew-point and an observation made. The temporaltLre of the water 
when the dew is first observed will In- somewhat below the correct 
clew [Point, for when the dew in observed, it means that the condensa¬ 
tion ha* started some time previously. A correction may, however, be 
applied by taking a second reading of the temperature when the water 
j* allowed to stand till the dew disappears from the surface of the gins* 
During this period the temperature of the water rises by radiation 
from the warm chamber, and as soon as it exceeds the dew-point, 
evaporation occurs at the surface of the glass and continues till all tbo 
previously deposited dew disappears. The temperature of the surface 
iit which this occur* is somewhat above the dew point.- The mean 
of the two is therefore taken a* the dew-point, 

1 This was [Iju method tioit all by Ir Koi in 1771 ■ &cc also Danie-llV 

MfUaftiltfijimf Ma&iya tnuf f&umativRSi L^ndi ■ it, 1^25. 

d Tiit- mspvraton of tho water within the gkua may, however, I nr u-lill below 
dir JiMv-piuiit. 
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A glass veawl is, however, not good for making such an cx|>erimeTit h 
because glass U not a good conductor of heal For this reason, when 
the temperature of the water h falling, the oataidfiatirface of the glass 
will always he warmer than the water, and when (he water ifl rising 
in temperature, the outside surface of the glass will be again warmer 
than the water if we sup|K»e the heat to jwrss through the glass to 
the water, as always occurs in the dew point instruments employed. 
The thicker the glass and the more badly it conducts, the greater will 
be the errors thu* introduced. For this reason a thin metallic vessel 
will be much bel ter suited for the purposes of the experiment. Silver 
is one of the very beat conductor* of licai, ami itn surface takes a 
beautiful polish, on which the slightest deposition of dew can be easily 
noticed, especially" if a similar silver vessel, on which no dew is de- 
[waited, be placed beside it for the sake of comparison. This, in fact, 
h the principle of Uegi mult's dew-point hygrometer, which will be 
described immediately. Indeed, a single thin polished cup, the mouth 
of which is covered or closed by a cork, could be used for determining 
the dew-point with rapidity, and probably with greater accuracy than 
some of the more elaborate apparatus invented for the purpose. Ice- 
cold water could be siphoned as slowly a* desired into the cup from 
another dosed vessel, so [hat the air would not be affected by 
ova|)oration from any exposed liquid, and the temperature of the cup 
could he thus varied by small amount* at the dew-point, and its 
position could be repeatedly fixed. 

225, DunieU's Hygrometer, — One of the oldest and most 
__ objectionable forms of direct dew-point hygro- 

f T? ^ meters is that invented by Daniell. 1 This in- 
Ifl f iiu ^trumnnt (Fig, 124) consists of a bent glass tube 
furnished with a pendent bulb at cadi end. One 
of thes'. 1 A is naked and made of black glnss + 
This bulb con rains some ether, in which the bulb 
of a very sensitive thermometer dips. All air 
is exiled from the apparatus, by boiling the 
ether previous to closing, so that it contains only 
the volatile liquid ether ami its vapour* The 
other bulb B h made of ordinary gla*s and covered with a muslin or 
linen bag. 

In making nil experiment the ether ri all passed into the naked 
bulb, and the bag covering the other is moistened with ether. The 
evaporation of this, cools the covered bulb and causes condensation of 
the vapour within. This gives rise to evaporation of the liquid in 

1 Dntne-bp Esmrj3 and OincrmtL* iu h Ijonrlon, ]h 27 a 
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the nuked bulb and consequent cooling. The temperature of dus 
nuked bulb thus gradually falls* and by taro fully watching its surface, 
the temperature at which lIo w first appears cun be noted. I his 
temperature is given by the thermometer within the bulb, the 
ap]>aratu& b now allowed to stand till evaporation e-woeSr and its* 
temperature begins to rise again. The tlo[w?il of dew soon disappears, 
and the temperature at which this occurs is also noted, fbo niezm of 
these two temperature* is usually taken ns that of the dew-point. 
The temperature of the surrounding air is given by a thermometer 
attached to the stem of the instrument.. The naked bulb is made 
of black glass in order to facilitate the observation of the deposition 
of deWj but, ;is already remarked, glass is a bad conductor* 
and consequently the temperature indicated by the thermometer 
within the bulb may dilTer confide rably from that of the external 
surface of the bulb at the instant the dew appears or disappears. Ju 
both cases the temperature of the external surface is what is wanted* 
and in both eases this will he higher than that of the liquid within, 
for the liquid within is colder than the atmosphere, and throughout 
the whole experiment the How of beat is from without inwards. 

In this instrument the evaporation takes place at the surface of the 
liquid, and as the liquid mans is at rest, the surface layer will always 
be colder thau the lower parte. Dew will consequently be deposited 
first at the level of this layer, and il the bulb of the thermometer be 
plunged below the surface, the temperature indicated by it will be 
ton high. The presence of the observer do*e to the apparatus is objec¬ 
tionable, and in addition the rate of evaporation cannot be sufficiently 
com rolled. The pollution of the air by the evaporation of other from 
the covered bulb is. also objectionable. 

226. Dines s Hygrometer* — A more recent and less objectionable 



Ftf. is*. 


form of dewqjoint instrument b that invented by Dine* (Fig. 125). 
This consists of a vessel fitted with a pipe through which cold water 
can How into a double chamber IK This chamber con tains the bulb 
of a delicate thermometer, and ia dosed above by a plate of black 
glass (or silver, which, for the reasons already mentioned* is better)., 







THEORY OF HEAT 


DJI A.Ft v 


422 


Previous to the experiment, the chamber Is U full of water at the 
temperature of the air, and some cold water or ice and water is placed 
in A, The tap B is then opened so aa to id low the cold water to How 
slowly into D, The temperature of this chamber is thus gradually 
reduced, and w hen sufficiently cooled, & deposit of dewr appears on the 
surface of ihe glasa plate, The thermometer is then read, anti the 
fl 0lf of water stopped. The dew soon diwvppcurs and the temperature 
fo again noted, the mean of the two temperatures being taken as before 
to represent the dew-point, The operation may be repeated again as 
often as desired, while any water remains in A ai a temperature 
lower than the dtir*point* The observation of the deposition of daw 
on the glass plate may be facilitated by viewing It by means of a 
beam of light reflected from it a surface, As won as any dew h 
deposited the surface Incomes dulled, and the intensity (rf the reflected 
beam is greatly reduced. An adjacent plate on which dew is not 
depotibad would facilitate the determination of the instant tit which 
dew is deposited on the other plate by eoiU|iarison T as in the case of 
Eegnault’a hygroincier, which we aliall now describe* 

227, Regnaulfs Hydrometer, A more perfect form of dew-point 
instrument is that devised by Kegnnult, 1 and 
employed in hia studies in hy geometry, The 
ettf&Eilial part of the Lip|inrn(us is a glass tube 
D (Fig. I2G) ujjen at both enda, to the Lower 
end of which a thin polished silver thimble 
is Ebt (ached. Tim thimble con la ins ether or 
some other volatile liquid, such alcohol. 
The upper end of the tube is closed air-tight 
by a cork* through which iai*s the stem of a 
thermometer T and an open piece of l^nt 
glass tubing A, the lower end of which pene¬ 
trates nearly to the bottom of ihe liquid 
contained in the thimble. A tubulura in the 
side of this tube lits into a vertical brass tube 
which forms the support of the apparatus 
The tower end of this brass tube is connected 
with an napi rater, by means of which a current 
of air can be drawn through the system, 
entering by the bent glass* tube A and bubbling through the ether. 
Bv this means evaporation of the liquid is produced with consequent 
cooling, and dew' is deposited on the surface of the polished silver. 
In order to facilitate the observation of tiiia, a second tube E with amuilar 
i HegmUlU, Ann. tit Qhimit ft dt wt L1 turn* jv. p. l + ifl a 1S4&. 
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thimble is supported betide that, just described. This tube Is empty, 
nnrl merely tarries a thermometer i which gives (he temirtmture <> 
the air. Thus by OMnpnriiKm of the two silver thimbles the moment 
at which the dew appears or disapjienrn can he ascertained with great 
delicacy. The aspirator is placed tit a convenient distance, and (e 
apparatus is viewed through a telescope, also situated at a distance, 
’(‘he air around the apparatus is thus undisturbed by the breath nut 
presence of the observer, and the How of liquid through the aspirator 
can be so nicely controlled that the temperature at which the dew 
appears will be almost exactly the sumo a* that at which it disappears, 

If the aspirator is controlled with great delicacy, the dew mat e 
even made to appear and disappear without any observable change 
in the reading of the thermometer. The process of cooling by the 
bubbling of air through the ether is a great advantage, for by tins 
means the liquid is kept well stirred and at a uniform temperature 
throughout. This is the tomiwmture registered by the thermometer, 
and it cannot differ very sensibly from that of the surface on which 
the dew is debited, shw the thimble is thin and a good conductor. 

The other obvious advantages of the methcsl are the absence of the 
observer from the neighbourhood of the apparatus, and the delicacy 
with which the flow from the aspirator can lie controlled. 

228. | Crova’s Hy prom eter. 1 —The dew*poi nt inatrumonts described 
in the preceding articles arc not suited for use in the open mr except 
in calm weather. When the dr is still the layer immediately in 
contact with the eooled metallic surface may no doubt be in thermal 
equilibrium with the tatter, even though it is surround ml by layers of 
warmer air, since air is a bid conductor; but in a frtsh b.ce.o the 
constant renewal of the air prevents its attaining (be dew i*mt unless 
the instrument is cooled to a considerably lower temperature. On 
this account these hygrometers, when used in the open air, fpve 
results which do not agree with those of the chemical hygrometer and 
are even very discordant amongst them selves. The hygrometer, 
invented by M. Crova, avoids this defect and affords very consistent 

indications. , .. . 

Fig 127 gives ft general vie"' of the instrument, a section of " men 

i* shown in Fig. 128- */# « a *be of thi " brusB - ttfekot-plated 
its side und cure fully polished. Ihe eiid fj is closed. h\ u . u 
ground glees which is illuminated by daylight or by a lamp, and 
which is viewed through a Ions t/h (Fig. 129), which doses the other 
end of the tube. The imago of the window r/, seen by reflection in 


i 3tto, At, CAeaJ, dt* Sti. ft LtUu*dt Meatpelliw, turn, x. p. «1. 1S89 ’ 
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*-his polished aiders uf the tube, appears ^ ins aimular ring of tight 
€&ff of three tinier the diameter of r/ P 

Air airs be slowly drawn through the bra^a tube by compressing 
an id sloivlv i deling the iudiarabW ball (Fig. 3 27) r arid if the tube 
u cooled to Use dew point, the depoaittnri of dew t* immediate) v 
indicate ! by the darkening of the redacted image of e/ t 

IJl order to regulate the temperature of the tube, tiro latter U 



FlU** 

rarroui,d « l ,} J ;l »>"«* bo* «W containing bisulphide of carbon 
through which air e«r. I* blown from the mouth by mean* of a rubbe 
tube fitted to the tub., luxe T. M. Crovn prefer* carbon bisulphW 
to ether, beratin' it t* more readily obtained pure, and also .toes no 
hoil hi hot weather. Ordinary commercial ether contains water am 
alcohol, which are left behind when the other evaporates. But it i 

possible to attain a Iowa 
temperature with ether thai 
with carlKin bisulphide. t 
thermometer graduated ii 
fifths of a degree dips ini. 
the liquid, and is in contae 
with the brass tube. A 
blackened aereen EE' pro 
toots i he eye front external light, it U a rubier disc insu1fttii.fi th, 
brass box from its stand, through which heat might otherwise In 
conducted. 
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The advantage of this hygrometer i# that the whole of an endowed 
volume of air 10 coded to the temperature of the dew-point, and that 
it is unaffected by draughts. By attaching a long tuba to the opening 
i\ tho air experimented on can be drawn from a [joint out of reach of 
the influence of the observer or of con mm [nation by the vajtour of 
carbon bisu kph id <x J t ca i l easily he regti Sated so t bat t bo ap( naira 1 ire 
and disappearance of dew are within 0 1 C. of each other,] 

229, The Chemical Hygrometer. —The fraction of saturation may 
he obtained by the direct determination ol the weight of vapour eon- 



n,r. lki. 


turned in a measured volume of the air. This method seem.* to have 
been first employed by Brunner, 1 and it leaves nothing to be desired 
in point of accuracy. The air is drawn by means of an aspirator 
CDC' (Fig, t:i 0) through a series of drying tubes filled with fragments 
of pumice* tone soaked in sulphuric acid* where all the moisture i* 
deposited and the dry air alone arrives in the aspirator. The tast 
luhe t via. that next the uapiratnr, i* intended to absorb any vapour 
which may come from the aspirator. The remaining tubes are 
weighed before and sifter the experiment, the difference of weight 

1 Pnumvr, j<nH. rff it iit it* ji-u r_ r tom. ili. |j. 30Sy + 
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giving the weight of vapour deposited, Thia is the weight of vapour 
continu'd in a vulntm! \ of air a* register I by the oEpuntor* This 
if nor tho volume which thu suite miss occupied in the atmosphere 
before being drawn through the tubes. In the aspirator it ia 
s.kiufated with vapour at its mxLmum pressure F h corresponding to 
the temperature & of the aspirator. This h given by a thermometer 
inserted- In the air this mass contained vapour at some unknown 
pressure / and temperature if. The problem then is Eo find the 
volume Y' at pressure II-/ and tem|HErature ff of a mass of asr 
whose volume r* V at pmsuru II F and temperature £/. This* by 
the formula = 1£( 1 -h u0) f id 

r II-K l + atf 
11 -/ 1 i* &S 


This, then ? is the volume of the vapour drawn in, arid it- mass in u\ 
Consequently we have 

ir= V - 0'0012Pi1 * 0-«i2 A p - ^ , 

1 - atf 760 

The equation for j\ the actual pressure of tbe vapour in the air, is 


tc -- 0 -000* > 
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or 
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The humidity is it IV, where W is (he weight of water vapour which 
would saturate a volume V At the temperature of the air, W can be 
found from Rcgunult's tables, This method, although possessing the 
ndriintugs of depending ultimately on a weighing, which ]* the most 
accurate process in physical investigation, is, ne vert lie less, exceedingly 
tedious in practice. It is not suited besides to indicate rapid changes 
in the hygrometric slate of the air, but rather measures the mean 
value of the humidity during the time of the experiment. In this 
respect it is analogous to a voltameter which measure* the mean value 
of an electric current during a certain period. Whereas, a dew-jioiiit 
instrument by its rapidity of action will indicate fairly well the con¬ 
tinuous change* of humidity. These instruments then possess in a 
greater degree the property of being continuous registers of humidity 
a» galvanometers are continuous registers of the strength of electric 
current*. The continuity is not, however, complete; but we shall 
now consider a class of instruments which arc continuous in their 
action. 
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230. Hy^roseopes, or Empiric Hygrometers- Any instrument 

which indicate* changes in the humidity of the air is culled si 
hygroscupe. M;my imbalances [h,>*<■>* the property of absorbing 
moisture from the air or surrounding bodies and such substances are 
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said to be hygroscopic. 1 Most substances consisting of organic tissue 
are hygroscopic stud change their length when they absorb or j^irt 
with moisture. Such substance* besides do not change much with 
change of temperature ; their changes of volume depend chiefly on 
moisture. Thus n is well known that ropes and catgut strings grow 
shorter when moistened, and line same h true of twisted strings in 


] The brliaviaar of various hy geom etric m u lances Ii*a b«Cl 1 Rve&tlgttcd by 
IL uNfour (Bnbtuilcr rfer /Hjyjfit, No- V1L* SSST ; or Pkil. Mag. VoL 1*5 Y. |W tMNS, 
18B7:. Ib'liotihg the ratio u( tfcu- weight of OJjiioolia vapour absorb**! to |ht- weight 
nf tlio ilry fttthrtancc by a, awl tho crelHcieut of hYgiciiulrio eximlttiim by j3 that 
eh, the total expansion which a box of unit length of thfl substance uiadcrgoc-H when 
it Los ikb^jrim"! the niAXiniiLJU amount of ujUctills vajKjair—he lh\xU 
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general as i.ht- twisted fibres swell when wet. It- is for lImh reason 
tbit fitldle^tritigs and tightly-strung tcuid*-ltoUi often fractal in 
damp weather, A hair* on the other hanri f inaram* its length when 
moistened, nnil tlii* fact was first utilised by do Sawtoure L in tht: 
eoiutructioti of n hygrrjiieope. 

A hair is ordinarily covered with a film of oil which protects it 
from the action of moisture. In order to render it sensitive to changes 
of humidity, all the surface grease should be removed by boiling for 
about half an hour in a solution of CArlwimie of soda. in which It is 
thou allowed to cool. The hair now- ready to act as a hygrosenpe, 
and should not be handled or roughly used. One end A (Fig 1:0) 
of it is fixed, and the other extremity, after passing round a small 
pulley C, is attached to a light spring or u small weight p which keeps 
the hair mmdied, When the hair contracts or elongates the wheel 
rotates, and a hand attached to it moves over a scale and indicates 
roughly the relative humidity of i he air. The scale may be graduated 
l*v direct L'OiLLpai'ison with a dew*point Lnst rnp^ etif■ ])(n Saussure^s 

instrument hm been modified by Monnicr* m that the hair posse* 
round four pulleys (Fig, LS2) dtuatfld on n circular dial, and is kept 
stretched by being attached to a light spring. The instrument in this 
hjnn is |M?fLalde. i he iudicatfone of hair hygrometers are s however, 
very variably and their u&e bat been abandoned in this country for all 
scientific purposes. The w r ork el" Kegnnult - conclusively proved that 
no rule could be bid down for the graduation of such instruments, 
for not only do different instilments, graduated mid prepared in the 
same way, ditTer in their indication^ but each instrument is not 
self consistent. 

231, The Wet and Dry Bulb Hygrometer,—This instrument is 
that which is almost universally uaed for continuous records of 
humidity, and depend* in principle on the cooling produced by 
evaporation. It seems to have 1mm first proposed by Sir John 
Leslie. 5 who converted hb differential thermometer into a hygrometer, 
by keeping one of the bulbs moist and the other dry, and noting the 
difference of teni[>enitltre. 

Tli« instrument as generally* used consists of two exactly simiinr 


1 D* Smuanr* ITomct. WaMtat), JW y Ur VUygnm^trU, Nnnehiltfl itss 

* |{i*gimiiIt, itnit, t(t t /unut rf dt FAynijtit, 3 * lotu. nv. ij, in ]jij 

1 h * to iiilmjuctd bj MiHOh, nh«i » oft.homlW li*™. 

1,1 tht * und August** i^Kmiwtor mi theG mUmhi. tU't, km*n 

to Miuch«!ulinn k that a thermometer nith 11 wet hull, aW, iniHnit*- i l™,r 
u mperetur, then one wtlto ii dry, ,n l Hutton, the geologin'l, i, r „ f Hi tm ! ],. ve 

* «* 1l,llb «•' * kjsrometw.-Leslie iKfchoWt Jmrmi ,/ 
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delicate thermometer* Bund C (Fig. I S3), the bulb of one being kept 
moistened by means of n cotton wick or film of muslin surrounding 
the bulb untl dipping in a small covered vessel of water placed some 
inches to tlie side. The other thermometer is placed on the same 
ststiid tkiid registers the temperature of the air. 

Evaporation takes place more or less rapidly from 
the dump cotton, and the bulb of the thermo 
ruoter which it cover*, m cooled more or less 
according to the humidity of the air. If the air 
is Batura ted with vapour no evaporation will take 
place, and the two therm''meters indicate the 
same temperature. 

The power of the wick to keep up the supply 
of moisture is much improved by Wiling it in 
a solution of carbonate of sod* to remove all 
grease, but in frosty weather the supply may be 
completely cut ofT by the freezing of the water. 

An objection to the instrument it the difficulty of 
managing it in frost. In this case, when the 
wick ceases to act, the bulb must be moistened 
before making an observation, and some time 
allowed for freezing and subsequent evaporation 
from tbo ice. 

In an instrument like this, whose indications 
depend upon so many complex eirenmstanees, it 
sec ins impossible to deduce any theoretic formula 
connecting the difference of temperature of (he 
two thermometers with she corresponding hygromctrie (State of the 
air. The problem bat been attacked with partial eticceae by aeveml 
scientists, and w p as proposed for consideration by the British Associa¬ 
tion on the occasion of its first meeting held at York. For this reason 
tables have been compiled by Claisber 1 which give the dew-point 
corresponding to any difference of reading between the thermometers. 

These table* wore constructed by comparing the reading of the wet 
and dry bulb hygrometer with simultaneous, determine Lions of (he 
dew-point taken by means of u I>anielli hygrometer for a long series 
of years nt Greenwich Observatory, together with a corresponding 
series taken in India and at Toronto. According to these tables, the 
difference between the dew-point and the wet bulb rending bears ti n^ 
constant ratio to the difference of reading of the two thermometers 

1 [■la.tsiicr, Adapted te the Uw of the Brv and Wet Bulh 

Thermometer, bond™ t Taylor u4 Fraud*. 
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when the unninenunre of the dry bulb thermometer remains constant. 
At 53 F + the reading of the wet bulb thermometer ifl the arithmetic 
mean between the dew-point and the temperature of (he nir s or diy 
bulb thermometer. At higher temperatures the reading of the wet 
bu]b is lower than this mean, and at lower temperatures it is higher. 

[In the earlier edition* of this book formulae proposed by Apjahn, 
Augujit* and lii/^o are given for determining the vapour pressure i'rom 
the wet and dry bulb hygrometer without reference to table* It h 
generally better and more convenient, however, to use table*] 
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23a. Critical Temperature Experiment of Cagniard de la 

Tour, _ When the temperature of a liquid contained in an open vessel 

reaches a certain point, depending on the pressure mid the iiiiture of 
the liquid, boiling sots in. This ceases to be the case, however, when 
a, liquid is heated in n dosed v«sel. Here, at any given temperature, 
the space above the liquid Incomes filled with saturated vapour, the 
pressure and absolute density of which depend on the temperature. 
As the temperature rises, the average kinetic energy of the molecules 
til the liquid increases, and they are projected in increasing numbers 
into the space above, so that the pressure of the vajioiir increases 
with the temporal ure; the pressure supported by the liquid at any 
teiiijKi rat lire is that of the saturated vapour at that tetnpcmtui e, and, 
as a consequence, the format ion of bubbles in the interior of the liquid 
is impossible. Evaporation proceeds silently without ebullition an 
the tcm]>eratnre rises up to a certain point, awl then a vary striking 
transformation occurs. The meniscus separating the vapour and 
liquid grows indistinct and completely disappears; the substance 
appears no longer to exist in two distiuct stales . the whole mass has 
become apparent Iy homogeneous and completely vaporised. The 
temperature at which this occurs for any substance is called the 
nitirat ttmpmtiur* for that substance, and the corresponding pressure 
and specific volume are similarly termed the mffea* pressure and 
critical wiumc. 

This silent evaporation of >■ liquid i» H sealed tube, and the 
apparently sudden vaporisation of the whole mass at a certain 
temperature, was first shown by Cngniard do la Tour. 1 I he apparatus 
consisted simply of a bent tube, one end A of which contained air 
[Fig. 134) to indicate the pressure, and the other end B contained the 

1 PngnUri! dc 1 a Tour. <<' Vhimit rt /ft PhuriQut, 2" #r„ tOHMB xsi, 

i*iL stxiiL, 1832-33, 
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liquid to be experimented on. The apace between A and B was filled 
with mercury. If. in ndditiorh, both arm* arc graduated, the critical 
pressure ami volume may be determined simultaneously,. 
At low temperatures the vapour pressure may be less 
than that caused by the air in A and the column of 
iDcroury p and there will be uo vapour in B. As the 
temperatme of B is raised the vapour pressure increases, 
■i bubble of vapour forms in B, and the mercury is forced 
into the other rt-rin, compressing the air in A. The 
-surface of demarcation between the liquid and vapour 
gradually Hattons us the temj>erature riwtj and at a 
certain temperature it loses- its curvature altogether 
,md disappears. The whole Apace above the mercury in 
B now appears to be filled with vapour only, although 
the total volume may be only three or four times (he 
initial volume of the liquid. 

This transformation might have bean suspected an a 
]. nihility arising from the diminution of niirface tension with rise* of 
temperature- For it h well known that Hie surface tension of a liquid 
diminishes with rise of tempi'rature. The Biirhiee tension under eon- 
Aiderution here is that of a liquid in contact with its own saturated 
vapour (this probably is the case always presented), and if it goes 
on diminishing, a temperature will presumably be possible at which 
it will vniii-Hb. We shall then have no capillarity and no surface 
of separation between the liquid and vapour t the physical meaning 
of which h probably that they mix in all proportions, or that, 
the vapiur is completely soluble in the liquid. It is not to be 
concluded, however, that the liquid and vapour become identical 
in alt respects at this point; such identity may or may not 
exist i the only inference we can draw when the surface tension 
vanishes is that the vapour dissolves in the liquid in all proportions. 
Thirl something of this nature actually occurs is suggested by observa¬ 
tion of the phenomenon. As the temperature rises the meniscus 
which form a t he upper boundary «>f the liqu id gradually grows more 
riat and indistinct until it ultimately vanishes. A peculiar undulating 
appearance is then presented throughout the mass, as if the liquid and 
vapour were mixing through each other. On cooling clown again a 
mist suddenly appears about the middle of what was art apparently 
empty tube. This rapidly spreads throughout the whole interior and 
suddenly vanishes* leaving the lower part of the tube filled with 
liquid, a distinct meniscus separating it from the vapour-filled space 
above. 
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The mutter may also lie regarded from another point of view. Thus, 
ns the temperature the absolute vapour density increases* while 
that of the liquid dimmi^hc^ mid therefore it is possible that h tem¬ 
perature may be at turned at which the density of the liquid is equal to 
that of the vapour. This temperature, in fact, is the critical tcjnjjera 
tiire, and from the equality of density of the vapour and liquid at this 
point Sir Wid + Kajusay 1 inferred that the phenomena presented in the 
experiment of Cagm&rd de hi Tour found their explanation. Three 
years later M* Jamici - put forward the same theory. From this point 
of view it would appear that when two substances {or at least n liquid 
and its vapour) have the same density there should lie no surface 
tension between them ; or, in othur words, they should mutuality mix 
in nil proportions. This, however, by no means follows as ;l conse¬ 
quence, Two eul i stances may have the same density without possess¬ 
ing the property of mixing (otherwise Ida tea tvs beautiful experiment 
could never have been made, see Art. I 73). The property of mixing 
depends on the molecular attraction rather than on equality of density, 
and therefore the theory of Ramsay and-lnmiu fail* to lead us any 
further than its first postulate—namely, the equality of density. If 
the molecular attraction as well as the density be the same through¬ 
out the liquid and vapour, there wilt be no distinctive differetire 
between the two states at the critics! temperature, and the whole 
mass may be regarded as simply vaporised* as Caguiard de la Tour 
supposed. 

The critical temperature of a liquid h moat easily determined 
by filling a strong glass tube with it and then boiling off about one- 
thud thtr liquid and sealing up. The tube is now about two-thirds 
full of the liquid, and contains no air. On slowly healing, the 
meniscus gradually fist tens and ultimately disappears. On coolings 
the liquid reappears again, and the mean of the two observations may 
be taken as the critical temperature. 3 The critical pressure is much 
more difficult to -estimate, For this purpose the tube containing the 
liquid must be connected with a manometer, preferably filled with 

3 Sir Wan Kurnev. /Vot Bay. .Vr*. toL jii. p. 32fl p isso. 

- Jmmin, Journal dc /ttr wytitf V* st'T.. Um- iL |r. StD, l&SJ ■ Aiumlts rft Chimb 
ct d* Phj/tiqtic, 4* ^r,, tain, ssi, p tfDS’, Phil. Mwj. t July ]&S3 L 

1 Sir Wm. KAlihiNiy -,/Vw. Rvih &K* tol. Xm* |c 3SS01 Founil th-aE the l*m. 
pcmtnp® at which tlie meniscus ftuajipeartd vari&d with the quantity oniqkliil in tll^ 
Eube r btltlg greater tho greater tfro quantity L*f kiqiihl onginally lalst-n. Thu* with 
methyl format*, two-thiftla filling the tabs, thr m«uhru;* diuppctind at C. ; 

with li greater quantity of liquid in a similar lube th* menben* vukhoti at 32$ - C. ; 
»wl with a ka-a quantity at^l&" C. It is po^falft, however, ihat tht*# iiaronfiisi- 
eflcLM iismy tie ijij« to bi jairiLk*, or to the difficulty of aarartabi gg tile precis* 
tetnpentnr* instdi; u thick tube. 
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nkfogeo, a> ihe compre^SMlity of thin gas iH high pressures has been 
very carefully investigated by M+ Amagat (see p. iG5). 

Imparityj or dissolved air or other gas, may lend to a considerable 
change in the critical temperature, *m> that discrepancies may arise in 
different experiments even by the same observer, The following table 
show's the rough results obtained by Cagniard de la Tour:-— 
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Similar determinations were made hy Driou - for sulphurous add 
and ethyl chloride. 

m + Liquefaction of Gases. -The oxperi meats of Cagniard de la 
Tour and Drion show that at a certain temperature all visible (listing 
tion between a liquid imd its vapour ceases. Above this temperature, 
then, it would appear to be i in possible to liquefy the vapour by prcssiiif 
atone. At least compression will produce no visible condensation or 
formation of a liquid with a meniscus separating it from the vapour 
abpvc, such as occurs when the temperature is lower than she critical 
temperature, For the visible condensation of agas h then, the tempera 
lure must be reduced below the critic al temperature^ and then by apply¬ 
ing sufficient pressure liqucfaei ion may he produced. 

Faraday 1 * succeeded in liquefying by pressure, at the ordinary 
temperature of the air, many gases previously unknown in the liquid 
state, A few years Inter Thilorier* obtained solid carbon dioxide, and 
found ibat the coefficient of expansion of (he liquid w«a greater than 
(bat of a gas. Faraday* published a second memoir on the effects of 
cold and pressure on gase*, which greatly extended the knowledge of 

1 Water vapour attack*glam al tamper* tar**and midora it Q| 4 quo t so tliat 

th« diiippaaritiM of thtf m cilEmih CSIauat be sm, and explosion man occurs ntider 
t hr j £H nt flt-t Eon of corro^mi and pr^mnr*. I u r>nJcf to ovinrorpi e t hnm d i ffieultifa, La 
Totu rtddsd to t iifi nntrfj- ionu* mis planes which prevent'd the attack qh the 
but the critical puihl of thi& mixture U not that of purr water, 

3 Ch - BtlOH, An *mto dt Gkimiettd* /’Aprifv/, p Rf LJ tom. ]vi, r a 
: Faraday, /Vi Yl- Tmn$ r 1*23. 

H Tlnloner, Ann. dt t'Amu, 3* $k, A torn, h, p. ^7, |S3, r ? r 
* F*radaj„ Fkil* Trttn*., 1845, 
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change of volume ol a few gases when subject to pressures tip to 
’- k O atmospheres, and N.itterer ] carried the inquiry up to the enormous 
pressure of nearly .tOOO atmo^phcrei. The result* of the latter ex¬ 
periments were valuable at the time* but the method was not free 
from objection in point of Accuracy. 

The great problem of the time was the liquefaction of what were 
termed the permanent gases—oxygen, hydrogen p etc, h was in pur¬ 
suit of this inquiry that Andrews was tod to his c l assic investigations 
on the behaviour of carbon dioxide gas, and other substances, under 
pressure at different temperatures. 

234. Andrews's Experiments,—-In 1863 Dr. Andrews wrote jls 
fallows: "On partially liquefying carbonic acid by pressure alone, 
autl gradually raising at the same time the temperature to K8 K, the 
surface of demarcation between the liquid and gas became fainter, lost 
its curvature, and at last disappeared,, The space was then occupied 
by a homogeneous fluid, which exhibited, when the pressure was mnl 
deidy diminished or the temperature slightly low ere*), a peculiar 
appearance of moving or nickering stria) throughout it* entire mass. 
At temperatures above 88 r F. no apparent liquefaction of carbonic 
acid, or separation into two distinct forms of matter* could be effected, 
even when a pressure of 300 or 400 atmospheres was applied. Nitrous 
oxide gave analogous results,* 3 

The apparatus 3 employed in these investigation* in represented in 
1- i^s. 135-137. The gas to be compressed was introduced into a glass 
tirW af (Fig. 135), having a capillary bote from a to ^ and a diameter 
of about 2 "5 mm. from h to r. The diameter of the third part rj was 
abuut I r 25 mm, The gas was first care fully dried and then passed 
for several hour* through the tube open at both ends, in order to 
cxjNd all air. Even after passing the current of g?rs through the tube 
for twenty-four hours, it wm found that the residual air could not be 
] educed to Jess than . ^ to of the entire volume of the carbon 
dioxide, and consequently in discussing the results of the experiment 
file presence of this small quantity of air must be taken into account. 

The capillary end u of the tube was finally sealed, and the other 
end was temporarily closed and plunged below the surface of pure 
mercury. The lower end while under the surface of the mercury was 
opened, and the tube was slightly heated so as to expel a little of the 
gas, On cooling contraction occurred, And u short column of mercury 

1 NattSKT, Ami . voL jcir. p, -136, l£5G. 

3 MLUcFi Chimkaf Fkfxi$$ t 3rd: edit. p H 

1 AudminH. Phil Tra. n±, isge, jmrt iL jx &r&. 
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on tercel the tii i!h3j The tube, with its lower end still under mercury } 
was then placed under the receiver of an air-pump,, and a partial 
vacuum wap formed till fvboot oci+i-fuurth of the gas had escaped from 
the tube. On restoring the pressure, a column cl mercury entered and 
occupied the piece of the cx [tidied gas. By cautiously exhausting, this 
column of mercury could be rendered any length required. The tube 
was previously calibrated by hlbaqb oi a moving thread of mercury t and 
the volume of the gas at O' C, and 760 miin was calculated. The 
capillary tube was also calibrated with great care by weighing a column 


l 

Hs- lit n*. ISO, 

of mercury whose length in different jcirta of the tube was accurately 
measured. 

Two massive brass flanges (Fig. 13G) were firmly attached to the 
ends of a strong copper tube, ami by means of these flanges two brass 
end-piece* were securely Ixdted to the ends of the copper tube, and the 
connections were mode air-tight hy leather washers soaliwl in ]« r d 
heated in vacuo. Thu lower end-piece carried a steel screw 180 mm, 
long mid 4 mm. in diameter, which easily held a pressure of more than 
400 atmospheres, A similar end-piece attached to the upper Bulge 
carried the glass tube containing the gas. 

The apparatus before being screwed up was filled with water, and 
the pressure was produced by screwing the steel plunger into the 
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water, In order to register this pressure a similar tube containing 
wir was placed beaido the experiment at tube which contained the 
jjas fPig. 137 ), and lateral communication between the two was 
establishesil through n connecting tube lift, bo that equality of pressure 
wits main tamed in both* The air-tube was also furnished with a 
steel arrow, and either screw, or both, might be used in altering the 
pressure. The gas under examination could be kept at any required 
temperature by jacketing the tube with .a bath or a freezing mixture 
if necessary. 

The actual pressures were not deduced by Andrews, as he was 
nut furnished with sufficient experimental data on the deviations 
of aii from Boyle’s law, and the pressures he speaks of are those 
cal tin] lined on the apparent compression of the nir in the second 
tube; but these are approximately correct as the deviation from 
Boyle's law is small, as is also the change of internal volume of the 

tulm under pressure. Aiidrews'fouiidthatiioirtrmaiiontcnlargomeni 
of the glass tubes took place even when kept under high pressure for 
a long time, and that no oxick- 
fcion of the mercury occurred in 
the air-tube during a period of 
two months active work, and 
that af t er standing for ±i ve mon t h* 
nil w*e found correct. 

From the results of these 
experiments Andreas plotted 
the curves shown in Fig. 133 . 

At a temperature of 13 1 0 - 
1 iquefar: ti on of the gas commenced 
at a pressure of 48 -fifi atm<* 
spheres, ns measured by the com¬ 
pression of the air in the tube. 

This point could not he deter¬ 
mined by direct observation, 
inasmuch as the smallest visible 
quantity of liquid represented a 
column of gas at least 2 or 3 
nim, in length. It wua, however, 
determined indirectly by observ¬ 
ing the volume of the gas at 0 ’2 
or (F + 3 above the point of liquefaction, and calculating the contraction 
the gas would sustain in cooling down to the temperature at which 
1 Andrew*, /TpiA Tmn jl |mrt it |n 4‘31 r W@, 
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liquefaction begun, A slight increase of pressure was rquireil even 
in the early stages to carry on the process of liquefaction, the air- 
gauge indicating an increase of a brant j alnu during the condensation 
of tlie fir.it and second I birds of the carbon dioxide, This rise of 
pressnra during condensation may explained by the presence of 
the trace of air ( r ^) already referral to, for during liquefaction 
increase of pr ensure i* necessary in order tu compress it. This srtial] 
quantity of air disturbed the liquefaction in a marked manner when 
nearly the whole of the ga* was liquefied, and when its volume 
relatively to that of the uncotideused carbon dioxide was conaidemble. 
It re:-3:-iril fur some time absorption by i\w liquid: hut on raising 
the pressure to . r )Q-[ atmospheres, it was entirely absorbed. If the 
carbonic acid had been quite pure the part of the curve for LT'Ti, 
representing the fall from the gaseous to the liquid state, would 
doubtless have been straight throughout its entire course, and parallel 
to the lines of equal pressure. 

The curve for the temperature m 2\ _ 5 agrees in general form with 
that for 13 1 1. At ]3 r, t the volume under a pressure of 49 Atm. is 
little more than Jf of that which a perfect gas would occupv under 
the game conditions. After liquefaction carbon dioxide yield* to 
pressure much more than ordinary liquids, and the compressibility 
appears to diminish ns the pressure increase*, and the high rate of 
expansion by heat noticed by Thi brier is fully confirmed by those 
experiments 

The next series of experiment* w eis made at 31 a -\ f or Cf r 2 above the 
temperature at which, by compression alone, carbon dioxide is capable of 
ass Earning visibly the liquid form. This j«int was found after repeated 
trial to be 30“’92 C., or S7 7 F. For si few degrees above this tempera- 
lure an increase of pressure produces a rapid change of volume, and 
when the gas is reduced to the volume at which it might be expected 
to liquefy no visible separation of the carbon dioxide into two distinct 
conditions of matter occurs. By varying the pressure or temperature, 
but always keeping the latter Above SO -9i\ the great changes of 
density which occur about thi* point produce flickering movements p 
resembling in an exaggerated form the appearances exhibited during 
the mixture of liquids of different densities, or when columns of heated 
air ascend through colder strata. The curve for 31 1 shows that the 
volume diminishes regularly* but much faster than if the substance 
obeyed Boyle's law, till a pressure of about 73 Atmos, is reached. The 
diminution of volume then goes on very rapidly, a reduction of nearly 
one half taking place, while the pressure ia increased from 73 to 7f? 
hi mo*. The contraction is not, however, abrupt, as in the mure of the 
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formation of the liquid At lower temperatures, but a steady increase of 
pr&Baure is necessary to effect it. During this contraction there is no 
evidence of the presence of liquid in the tube, no heterogeneity eon be 
detected in the whole maes. Beyond 77 rttmos, the substance yielded 
much less to pressure than before, its volume being now reduced eo 
that which liquid carbon dioxide should occupy at this temperature* 

The curve for 32 : r» closely resembles that for Sl"-L The com 
traction, however- is loss abrupt, and in the curve for 36*'& it is still 
greatly diminished, and Has nearly lost its abrupt character, The 
r^rige of pressure here extended from 07 to 107 atnuw. The con¬ 
traction h most conaidfirtble from 76 to 87 atmos,, whore an increase 
of ' the total pressure produced zi reduction to half the volume. At 
107 stittoa. the volume is that which the liquid would occupy at this 
temperature, according to the expansion of the liquid bv heal. 

The curve for 48 1 is very interesting. The abrupt fall shown 
in the lower temperature curves hw disappeared, and the; curve 
approximates to that which would represent the change of volume 
of a iwrfecl gas. At the same time the compression is much greater 
than that indicated by Boyle's law. Under IH0 at mo*, the subs lance 
is rapidly approaching the liquid volume. Experiments above 48' I 
were not made; but it is clear that an the temperature rises the curve 
will continue to approach that of a ]>erfect gas. 

Experiments were made at much higher pressures, and the sub¬ 
stance was made to pass w ithout break or interrupt ion from what is 
universally regarded as the gaseous state to what is* in like manner, 
regarded as the liquid state. Take, for example, carbon dioxide at 
hQ ; or at a higher temperature, and let the pressure be increased to 
ISO atmospheres. In this process its volume will steadily diminish as 
rhe pressure increases. When the full pressure has been attained, let 
the temperature bo allowed to fall to the ordinary temperature of the 
atmosphere. During the whole of this process no breach of continuity 
occurs. The substance at tho beginning is w hat is ordinarily regarded 
sva a gas, and at the end it is liquid carbon dioxide* and nowhere during 
the process is there any abrupt change of volume or sudden evolution 
of beat. The closest observation fails- anywhere to detect change of 
condition in the substance, nor is there any evidence that at any time 
one part of it is a gas and the other a liquid„ The process of com¬ 
pression and cooling might alio be conducted hi mult ancon *1 v, if care 
lie taken to avoid having the pressure less than 7G atmos. when the 
temperature is 31° h 

These properties are not peculiar lo carbon dioxide. They are 
generally true of all substances which can bo obtained as gases and 


44U 


THEORY OF HEAT 


CUJiTr. y 


liquids. Xitrou^ oxide, hydrochloric add* ammonia, sulphur dioxide, 
etc., all exhibit critical points and rapid change of volume with 
flickering movement when the procure changed in the ueigldMJiir- 
buod of these points. 

Below the critical temperature, when the pressure i* increased to a 
certain value, the substance suddenly changes from the lit the 

liquid state : but no such abrupt change occurs nliove this temperature, 
(Ini substance being gradually reduced to the liquid volume, The 
change from the gaseous to the liquid state below the critical tempera¬ 
ture is abrupt* like the change from the liquid to the solid suite in 
crystalline sul^tancea, whereas above (he critical temperature it is 
gradual* like the rdhli Heat ion of uruurpboiiB substances. 

£35. On the Stale of flatter near the Critical Point, — The ques 
tioti now arises for consideration as to the stale of a body at or a little 
above its critical point. Is |l gaseous or liquid, or a mixture of (he 
two states t When carbon dioxide gas is compressed at temperatures 
above 31 C no visible evidence of liquefaction h obtained, even when 
she compression U pushed up to the [mini at which the liquid volume 
h attained, lit this case* then* does lho NukbiMe continue through¬ 
oul in tins gaseous state* or docs it liquefy in the whole or in pari, or 
are we presented with a new state of matter? Such are the questions 
raised by Andrews, and since they w ere tirsl proposed they hare been 
the subject of much discussion and inquiry. If carbon dioxide gas at 
l GO* C. p for example, or any higher temperature,, is compressed, feu 
would hesitate to declare that the gaseous state is maintained th rough- 
out the Liomprcssion, just as when hydrogen or nitrogen is subjected 
to great pressures at ordinary temperatures* 

On the other hand, when the experiment is made with carbon 
dioxide at temperature* a little above 31 C., the rapid change of 
volume which occurs during a certain period of the experiment would 
lead to the conjecture that liquefaction, total or jMirtial. actually takes 
place, all hough optical tests fail to detect it. Against this view it 
might he urged that during this period of rapid change of volume, 
increase of pressure is always necessary for diminution of volume, and 
this is op|josed to the ordinary laws of the liquefaction of saturated 
vapours Furthermore, the higher the temperature the lees marked 
this period of rapid change becomes until it ultimately disappears. 

In Lhe opinion of Andrews the answer to the question is to be 
found in tie iniimalc relations which exist between the gascon* and 
liquid states of matter. These he regards as only widely-separated 
forms of the same condition of mailer, which may he made to pass into 
one another by a series of gradations so gentle that the passage shall 
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nowhere presen l any interruption or breach of continuity. Thus at 
high temperatures and low pressures the &iil*uvncc approximates to the 
condition of an ideal gm obey mg Boyle's law. Increase of pressure 
and reduction of temperaturedecrease the mean free path and Kinetic 
energy of the molecules, and the substance begins to deviate sensibly 
front Boyle 1 * law. It commences to acquire the properties of the 
liquid, and gradually loses the distinctive proper ties of ilic so called 
perfect The g\i* and liquid then are, in the opinion of Andrew*, 
“only distant stages of a long scries of continuous physical changes. 11 

In the opinion of MM, Caittetet and Golardeau, 1 however, and 
other French physicists, the liquid state persists after I lie critical 
point has been passed. At the critical point the liquid dissolve* I he 
vapour in nil proportions. For this reason the surface of separs^ 
turn disappear* in the experiment of CagnLard tie la Tour, and 
the tulj# becomes apparently empty. In support of this view the 
following experiment U quoted* Iodine possesses ihc properly - 
of dissolving in liquid carbon dioxide and colouring it. It does 
not, however, dissolve in the vapour* A small quantity of iodine 
was consequently deposited by vaporisation on the upper end «d 
the tube in which carbon dioxide gam was compressed to liqiiefac' 
tion T ami a thin layer of sulphuric add protected the mercury from 
the action of the iodine. When tbc liquid carbon dkixide attained I he 
level of the iodine it dissolved a portion of ii, and became of a rosy 
violet colour* On raising I he temperature to 31 C. the meniscus 
disappeared as lumal, while the tolour remained in all that part of the 
tube which was previously occupied by the liquid. The colour did not 
spread through the whole mass, but wn s restricted to the same region 

before. From this it would appear that the liquid is not really 
converted into vapour, ft* Cagnmrd de la Tour supposed^ hut that the 
meniscus alone disappears. The part which wel* liquid still retain* 
the power of holding iodine in solution,, while the vapour above has 
not yet attained she pro|*erty of dissolving itHline s for in the upper 
part of the lube it is in contact with the deposit of iodine, but remains 
without action upon it. 

Analysis by the spectroscope indicated that the icMlitnc was still in 
solution, and not suspended in the lower part of the lube. The 
alMtirptioii spectrum of iodine in solution is very different from that 
of iodine vapour: but us the critical point waa jEt^cd the absorption 
spectrum of the coloured carbon dioxide showed no change. 

1 Call Iff tel him I CoJmdeflin Jpurjtal iVe* /tyyrig-iir, turn, viii., HSSl> ^ /Ink* iU 
VAirnit ft tf* PkyfiqUi, 6* 4 k-r_, tom. SCVlli., OrU tfcS9 r 

a Oftillet^t ami llMitrfflailk, Compitjf #«vf*w, tom. K<?n. Jh liO, IS3I. 
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The same authors also attacked the problem from another point 
of view. If the substance is altogether vaporised at the critical 
point, then as iho temperature is raked beyond the critical point the 
tube will be filled with si non-saturated vapour, and it was inferred 
that the curve connecting its pressure and temperature should he 
unique flying that of a gas near its comiet^mg point), and should 
therefore be independent of the quantity of liquid present just before 
the meniscus disappears If, on the other b&nd, the liquid state still 
persists, vaporisation will go on beyond the critical point just as 
before, and the pressure at any temperature will depend on the 
quantity of liquid present when the meniscus is about to vanish, 
h'ig. 139 shows the result of experiments made with different initial 
quantities of liquid. The part OM indicates the pressure of the 
saturated vapour os the temperature rise* to the critical point. Above 
this point the curve is not unique, but depends on the quantity of 
liquid present when the meniscus is about to vanish, 3 The branches 
MD r ME P etc*, correspond to the cases in which the liquid occupied 
different fractions of the total length of the tube at the moment of 
disappearance of the meniscus. Hence the portion of the pressure 
temperature curve above the critical point depends on the quantity of 
liquid present when this point k just reached, and this seem a to favour 
the idea, proposed by Ramsay in 1880 and Jam in in IS83* that the 
liquid persists beyond the critical point, and that the meniscus alone 
hits vmiisbed The vanishing of the meniscus menus that equality of 
molecular attraction in the liquid and vapour has been established. 
It does not necessarily follow that equality in density has also been 
attained, and conversely equality of density alone does not involve 
identity of molecular attraction ary] the vanishing of the meniscus. 
Equably of density alone was assumed by Ramsay and Jam in, so 
that at the critical point the liquid could swim freely on the vapour, 
>L Jamin- expected ulso that with increased pressure above the 
critical point she vapour would become more dense than the liquid, 
and that the latter would consequently rise to the top of the lube and 
float on the vapour. This reversal could not be obtained after 
related trial by M. Caillcteti 1 and although such an extraordinary 
result might he possible, yet it is certainly not to las reasonably 
demanded* In order that it should occur (admitting the simultaneous 
existence of the two states above i he critical point), the compressibility 

" It fHMdble that thU nuj arise from the prawns iaqrarttfcu tnA the 
intfieuKy of BeOOticig ti uniform tpmperaiUn Uvd*h a thfck tlltw p m it may 
depend QR tbff prcMGft Min- further not,' on p. -S 60 } r 

3 Jain tin jounuit d* Fh 2° *+-r. F turn. ii. p. ySU r t &!%3. 

3 CrtiLlctet. Jmnmitlf Phytiptf, l*&£r,, tom* is, p, 16$& 
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of the vapour above tho critical point -honld be greater than that of 
the liquid, and this might or might not bo the case. 

The mutual solubility of two substance* depend a on the tempera- 
tore and pressure* M- Puckux 3 ha* shuivu that two liquids which 
do not mutually dissolve each other in all propurt amts may bo made 
to do m by suitably altering the temperature. Thus amylic alcohol 
and ordinary alcohol diluted with water when shaken together in a 
tube at ordinary temperature* do nut mix completely, but settle into 
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two lay era with a distinct surface of separation r As the tube is 
gradually wanned, however, a temperature is reached at which the 
meniscus Hattons and disappears, and the liquids mix completely, 
forming an apparently homogeneous fluid. On cooling again» as this 
temjjonitui'O in approached, stria- and undulations appear, as in the 
experiment uf Cogniard «1e la Tour. At this temperature the liquids 
have not the same density ; the property of mutual solubility alone 
has been acquired. Tho conclusion of Cailletet and Colardeau h 
therefore that the critical point i# not necessarily the point at which 

1 Dtidaux, Jvufwil rlt PAijwjm r l 11 «£r. p tdJu + v + p. 13, 1ST9. 
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t!m density of the vapour is equal to that of the liquid, hut the point 
■* which the vapour and liquid mutually dissolve each other in all 
proportions. From this point of view the liquid may exist in solution 
in its own vapour, and when a gas is highly compressed the liquid may 
be present although in visible. It only becomes visible when (he tem¬ 
perature is below that of the critical point. That liquid carbon dioxide 
really exists in solution in the gas at 40 C. under a pressure of from 
SO to 10b atmospheres, M. Cailletet considers confirmed by the fact 
that the substance in this state dissolves iodine. 

The simultaneous existence of the two states above the critical 
point does not, however, appear to have been sufficiently proved. All 
experiment* prove that as this point is approached the density of the 
liquid approximates to that, of the vapour. Ju the upper and lower 
parts of the t.ulie we have then the same substance at the same tem¬ 
perature, pressure, and density, anil when the meniscus disqqvears they 
have further the same molecular attraction or are mutually soluble, 
and there seams no reason for the suppoaition that the substance in 
the upper part of the tube is in a different state of molecular aggrega¬ 
te 1 * 1 from that in the lower, Mr. Hannay 1 describes experiments in 
wbieli the liquid was coloured and the vapour above it colourless, but 
on passing the critical point the whole became coloured, showing that 
mutual diffusion occurred. This of rotiree dues not prove that (he 
liquid state may nut jursist beyond the critical point; but, on the 
oilier hand, thy experiment cited by M. Cnilletel us to the solubility 
of iodine in highly compressed carbon dknddc does not prove that 
liquid carbon dioxide is present. For according to liis own showing 
the solubility of one substance in another depends on the temperature 
and pressure, so that silt hough carbon dioxide gas may not dissolve 
iodine at low pressures, this property may be acquired by it at other 
pressures and temperatures, and even though the vapour in the upj»er 
part of the tube did not acquire this projicrty at the critical point, all 
that is proved i* that the matter occupying the lower part of the tube 
still retains the jMjwei of folding in totufim the iodine already dissolved 
in it. 

The difficulty i* probably fostered by the vague use of the terms 
liquid and vapour in this case. The esuyntbi] difference Udwccn a 
liquid and vapour, besides that of aggregation, is entirely one of the 
length of the mean free path of the molecules. As the temperature 
and pressure increase the menu kinetic energy of the molecules 
increases and the mean free path in the vapour diminishes, so that 
when the critical point is reached there appears to ho no ration whv 
1 J* B> H“ l “y. forte. Ai>j/. See. vol. xxriii. p. 29f, IS.5,1. 
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both these qiLiLiitiliu-s should not lie the same in the upjwr anil tower 
parts of the tube* that it, uniformity of stute is established throughout 
the mass - but as to whether this at ate is to be called liquid or vapour, 
or n mixture of both, depends merely on 11 choke of terms. 

236* On the Determination of the Critical Constants, — Thr 
physical constants which character ke the critical state of matter have 
become of considerable importance in the determination of the 
mathematical functions which represent the thermal and mechanical 
properties of fluids, and which establish the relations between the 
liquid and gaseous states. The accurate determination of the three 
critical cons Unis for various substances is consequently & matter of 
importance. Of these the critical temperature is the ntoet easily 
determined) for by employing n* heaters the vapour* of pure liquid* 
boiling under a constant pressure, which cun be adjusted al- pleasure, 
the temperature can be regulated with considerable nicety, stud m 
easily measured. 

The critical pressure may also, as a rule, be determined without 
very much difficulty, provided that the substance i> obtained perfectly 
jmres—a matier of prime importance. In the case of substance 
which attack mercury at high temperatures the ordinary method of 
ofiemihm requirea modification^ which render the calculation^ more 
laborious, but otherwise the difficulty is not greaily increased. 

The estimation of the critical volume, even when the substance is 
perfectly pure and without net ion on mercury, in a matter of much 
greater difficulty. In order to secure a correct reading of the critical 
volume it is necessary that the substance should be exactly at the 
critical temperature. A very small alteration of temperaflire, *ueh as 
0 -1 a, Ht« or just below, the critical point, produces a considerable 
alteration in the volume, and for this reason a small error in the 
temperature leads to a considerable error in the volume. The main 
object is therefore to bring the substance exactly to the critical tetn- 
Ijerulure. Professor Sidney Young L takes the substance to be in this 
state when, on rapidly increasing the volume somewhat above the 
critical volume, the fall of tenijmratttro due to expansion causey a 
momentary separation of the liquid and vapour In order to detei> 
mine the critical volume this temporary mark of division is noted, 
and the volume then slightly diminished. Altar a few minutes the 
teni]>eraiurc becomes constant* and the volume- is again increased 
slightly but rapidly, and the position of the nmrk of division of liquid 
and vapour again noted, thin being now nearer the top oF the tube. 
Proceeding in this way, it k possible^ under favourable conditions, to 
1 & Youngi PhiL Mt m/. to], xniii. p. 181,. 1S&£. 
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nutkc the substance occupy such a volume that a very slight but rapid 
cxjMiisiun gives a temporary mark uf division of liquid and vapour 
almost exactly at t lit; top of the tube, This volume Professor Voting 
takes as the critical volume. 

In the case of substances, such as water, which attack glass at high 
tempo rut urea, thou methods cannot be applied. The method adopted 
hy MM. ('ailletet and Culardeau 1 in the case of water was foundid 
on the observation of the vapour pressure curve when the liquid was 
enclosed in a strong steel tube. If a suitable quantity of the liquid 
I*? taken in I he tube the vapour pressure v ill be unique up to the 
critical point, but beyond this jioiut the course of the curve will 
depend on the quantity of liquid present when the critical point is 
approached l'ig. 139), fly starting with different quantities of 
liquid in the tube, the point at which the vapour pressure curve 
begins to branch can be determined, and the critical constants thence 
deduced. The same method may be employed to determine the 
critical constants of any other substance, the inside of the tube being 
coated with platinum, or some other substance, to avoid attack. 

The apparatus of Cailletet and Colarieau is shown in Fig. I JO. 
The tube FD which contained the water was nude of steel sufficiently 
strong to resisl the pressures experienced during the experiments. 
This tube was heated directly in a bath VV; and by means of a 
lioxibie steel tube ABC it communicated with another similar and 
equal steel tube KT, which communicated with a hydrogen manometer 
M and a pump by which water was forced into both. Thu pressure 
of the vajKUir in FI> is transmitted to the manometer bv means of this 
water and the thread of mercury in the tube BABCE.' An insulated 
platinum wire penetrates the wall of the tube ET at S, and when 
the mercury rises to this level, so a* to eonte into con lad with it, an 
electric circuit is dosed and an electric bell is sot ringing. By this 
means [lie level of the mercury in KT can be kept exactly at g, and 
consequently (ho space DF oceupietl by the liquid and vapour can 
be kept constant. When the temperature rises the vapour pressure 
increases, and the mercury is forced through ABCfc and rises into 
contact with the platinum wire at S, and sets the bell in motion. 
The pump is then placed in action till the ringing just ceases. A 
second platinum wire penetrates the wall of TK, insulated at S', some 
centimetres above S. and this is in connection with another belt, so 
that if the expansion of ihe vnpour is rapid, or the action of tho pump 
too slow, the mercury rises to S' and the second bell rings. This 

1 Cailklrl et Coludeau, CvntpUs Hi ndus, lam, esii, p &S3, lfcjq ; 
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gives wanting that the vapour is on the point of expelling all the 
mercury from the reservoir, and this of course must be avoided. 

The liquid first employed in the bath was mercury, the boiling 
point of which k below the critical temperature el water. Fur 
higher temperatures a hath of equal (mris of the nitrates uf *oda and 
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potash was used This mixture fa notably more fusible than either 
constituent becoming liquid at 320 C., and can bo used easily 
up 10 above 400" C. The bath was heated by a ga*burner t 
which was controlled so as to give a stationary tomjieraLitre. The 
following rc-sti]ts ware obtained for thti pressure of A&lur&tad water 
vapour:— 
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The curve of vapour pressure brariches at 365 C. f which is therefore 
the critical temperature of water substance, the corresponding jwessure 
being -GO'S atuio*. (see Fig. 1 30). 

237. Distinction between Gases and Vapours. —Previous to the 
experiments of Andrews there was no clear distinction between guses 
nod vapours. In general, substances which mourned the gaseous 
condition at ordinary temperatures were termed gases, while those 
which assumed the condition of a liquid at the ordinary temperatures 
of the air wore termed vapours when in the gaseous state. Thus ether 
in the gaseous state was termed a vapour; whereas sulphur dioxide 
was called a gas* yet these substances, from the present point of view, 
are both vapours—one derived from a liquid boiling at 3 3' 0., and 
the other from a liquid boiling at - 10 C. The distinction between 
gases and vajKiurs was thus determined by the trivial circumstance of 
the boiling point of the liquid being lower or higher than the ordinary 
temperature of the atmosphere. Such a distinction m&v have 
advantages for ordinary refer cnee, hut it is without scientific" value. 
A criterion for scientifically distinguishing between a gas and a vajmisr 
is afforded, as Andrews pointed out, by the critical temperature, 
Thus a substance can exist jartly in the liquid and partly in the 
gaseous state, or as a liquid ami vapour in contact, only at temperatures 
below the critical temperature, Above the critical temperature it is 
impossible to compress the substance so that part of it may visibly 
assume the liquid state while the remainder exists as a vapour. For 
this reason a vapour may be defined as a gaseous substance, which may 
be in the whole or in part compressed into the liquid state—that is, 
a gaseous substance at a temperature lower than the critical tempera- 
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turn On the other hand, st gos is u unbalance at a temperature higher 
than its critical temperature. 

According to thin definition, an y substance may be n gas or a 
vapour according to its. temj in rat lire. A gas cannot Iks changed into 
a liquid by pressure alone, but a vapour may be changed by pressure 
into the liquid state, and may exist in presence of Its own liquid, 
Thus ear bon dioxide is a gas above *S1 CL, arid a vapour ht lower 
temperatures 

238. Critical Point of a Mixture. —In his later experiments 
Andrews 1 proved that the presence of a .^called permanent gas, such 
as air, lowered in a marked manner the critical temperature of a 
liquefiable gas, such ns carbon dioxide. Thus when three volumes of 
carbon dioxide gas were mixed with four of nitrogen no liquefaction 
took place at may pressure until the temperature was reduced to -0 
C. The addition of even do of its volume of air or nitrogen to carbon 
dioxide lower* the critical temperature several degrecs. 

An extremely important observation was made by M. Caillctet 3 in 
this department. A mixture of five parts of carbon dioxide with one 
of air was compressed at such a temperature that liquefaction was 
produced. On grndimily i ncreasi ng the pre&ui re a tconatant tempc mtnre 
the meniscus of the liquid faded, and at a certain pressure disappeared 
(cf, i>. 442). On diminishing the pressure again the liquid reappeared, 
and the pressure at which this occurred was lower the higher the 
temperature, as shown by the following table:— 


Prwure (atm.) . . 
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113 
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At 2V C.j however, the gas did not liquefy under a pressure of 400 
atmosphere*. 

The disappearance of the liquid carbon dioxide on increasing the 
pressure is very plausibly explained from Cailletet's point of view that 
the solubility in the liquid of the gas, or mixture of gas and vapour, 
occupying the upper part of the tube, increjises with the pressure, and 
at a certain pressure they will mix in all proportions, and the surface 
of separation will disappear at this point * 

1 Andrew*, }*?&€+ £$q>j. S&Cr voL XXiiL (V SH, 

* Cailkort, CvmpU* to in- iir. \k 210 ; and Jmrwtl <U Pky*vp(f t 1* iSr., 

turn Ex. [i. IfS* 1880. 

* Thh qufastiem has bc^ii Attack'd thtemodynKBiinlly by M. Duhfun (Jeturaf ds 
Pftifsiqtir, tom. vii. \k 1&8 s 1888)# wb& shown: that the exjwritn^mjil resiikn follow 
from die- lln’riuodv mimic |n>tontind *?f the *yatcni- 
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Further investigations of the critical point of mixtures have been 
made by Ramsay, Pawlewski, AniddJ, and Dewar. According to 
Ffewkwski, 1 the critical point of a mixture of two substances belonging 
to the same class of organic compounds should 1)* intermediate between 
that of the constituents, and divide the interval between the critical 
temperatures of the constituents in a proportion measured by the per¬ 
centage composition of the mixture. Thus Sir W. Ramsay found that, 
the critical temperature of s mixture of equal weights of pure benzene 
and ether t» half-way between those of the constituents. According 
to the experiments of Mr + CL Ansdell,- this law Is not accurately 
fulfilled by mixtures of hydrochloric acid and CAT boo dioxide. If the 
law held generally, then the critical temperature of any substance^ 
such as hydrogen or nitrogen, could bu determined by noting the 
critical temperature of a definite mixture of it with some other 
substance, such a* carbon dioxide whose critical temjwd rat lire is known. 

In the experiments of Professor Dewar 3 on mixtures of carbonic 
acid with other subs lances, liquc faction appeared to set in at tempers 
tures above the critical temperature of the gas. The presence of the 
second substance thus appeared to raise the critical point. This may 
perhaps arise from the formation of >ome new compound under parti 
cular conditions of temperature and pressure. These experiments 
are very interesting. Thus carbon dioxide in presence of bisulphide of 
carbon liquefied under 49 atmos. at 19* C., and floated on the convex 
surface of the bisulphide. At 35 C +l liquefaction took place under 
78 aEmos,, and at 10 d, under 85 utmost At J5S C,, liquefaction 
seemed to occur at 110 atmos. On keeping the temperature at 47 C. 
and gradually increasing the pressure, the upper surface of the liquid 
carbon dioxide disappeared under 110 atm os., as in Cailletet’s experi¬ 
ment, and reappeared on reducing the pressure to 70 attnos, 

In presence of chloroform at 28 & T the carbon dioxide liquefied 
under a pressure of 25 at nios., and on increasing the pressure to 50 
atmos. the two liquids mixed completely. At 35" €- P liquefaction set 
in under a pressure of 55 »(incus., and the carbon dioxide mixed 
rapidly with the chloroform on standing. 

In presence of benzene I he carbon dioxide liquefied at 18 and 
it pressure of 25 a turns. ; and at the moment of liquefaction the anrfacc 
of the benzene was violently agitated, the liquid carbon dioxide falling 
through it in an oily stream, and mixing with it completely up to a 
certain [joint- It then collected on the surface In a distinct layer an 

1 XtriohUt Nn, TV., im 

f G. Ansdtll t JVor. Jiojr. Stt m voL issk, p. HB, 1W4- 

3 JiniL-i DtWtir, J'roe. Jfoif r Sac, vf-l ss*. j,. BS£ ± iJgJfcQ. 


A.ET. 


0> T THE OOKTIKUITY OF STATE 


m 


further eondonsation proceeded, but on standing for about five minutes 
the line of separation disappeared, and the two liquids formed an 
apparently homogeneous mixture. On releasing the pressure the 
carbon dioxide boiled away rapidly from the bengene. Afc 35^ lique¬ 
faction occurred under 35 atmos. ; but in this case the liquid carbon 
dioxide did not fall thro ugh the benzene as before or appear to be 
1 1 early so soluble in it. At 52 C. and 70' C + liquefaction occurred 
under CO and So atm os. respectively, and in each case the two 
liquids mixed—in the former on standing, and in the latter rapidly. 
Similar result* were obtained In presence of ether and nitrous oxide. 

In the ease of camphor some small pieces were fused su as to 
adhere to the sldos of the tube near its upper end, and the tube was 
then filled with carbon dioxide gas. The temperature being 12 J C. + 
the camphor began to melt when pressure was applied, and mu down 
the side* of the tube I he fore the mercury appeared in sight. On 
suddenly releasing the pressure when the tube wjls full of liquid at 
50 C. T the sides of the tube became coated with crystals of camphor, 
and these rapidly dissolved again when the pressure was increased. 

Other substances were investigated with similar results* and in the 
opinion of Professor Dewar, the earlion dioxide behaves throughout as 
if it formed an unstable compound with the other sub&tance present, 
und this compound h decomposed and reconstituted according to the 
conditions of temperature and pressure, 

239. Liquid and Vapour Densities up to the Critical Point 
When a vapour ts compressed to liquefaction In a tube* a means of 
determining the density of both Ehe liquid and saturated vapour is 
afforded* By this method the saturated vapour density and other 
physical constants of hydrochloric add were deduced by Mr. G T 
Anadelh 1 A tube t such as that used by Andrews, was filled with the 
gaseous substance, and its muss became known by observation of the 
initial volume, pressure, and temperature. The pressure was then 
increased till the condensing point was reached, and the volume wa* 
then not ed. This volume gives the density of the saturated vapour, 
and may bo determined by taking the mean of two observations—one 
at the point where the volume diminishes, and the manometer ceases 
to show increase of pressure, and the other in the reverse oftc ration, 
when the volume is allowed to increase* and its value Is observed at 
the point where the manometer shown a alight decrease of pressure. 

The mercury was then caused to rise in the tube till the w^hole 
gas was liquefied* The liquid now tilled the top of the tube and its 
volume wins observed J , the tube being already carefully calibrated. 

3 G. Anmklb Pnxr. Potf. c, vqL Sis. p, H7 y 1879-80. 
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This volume gave the density of the liquid. From the results of the 
cKjwrmienta it appear that the density of the saturated vapour 
steadily increases as the ternptnit Lire rises up to the critical point, 
while that of the liquid diminishes and near the critical point the two 
approsituate to equality. In Fig, 141 the volume of the saturated 

vapour—that is, the whole 
volume occupied when the 
gas is just at the comic using 
po \fit — i * plotted: for v arious 
te in pc ratures along the 
curve ACj while the liquid 
volumes at the same tem¬ 
peratures are shown by the 
curve BO, A mutual nnion 
of the two curves is indi¬ 
cated at the critical point p 
but experiments could not 
he made nearer than 0 'So 
C. to this |Miint on account 
DifiKii^T^. oJ the rapid change of 

volume. This equality of 
volume or density at the critical volume is whm would he naturally 
expected, and it is in accordance with similar experiments by MM, 
Gail! etc t and Mathias. 

A number of cx]*eriments on ether led Avenariim 1 io iho con¬ 
clusion that the density of the saturated 
vapour is not the same us that of the liquid 
at the critical point, Mr. And ell* however, 
points out that as the critical temperature of 
ether is I92 e ’6 C. t Avenurius waa under the 
disadvantage of working at a high tempera¬ 
ture, which it would ho difficult to keep 
constant to within half a degree centigrade. 

In the experiments of MM Cailletet and 
Muthhrs - the method of determining the 
density of the liquid differed from that adopted 
bv Ansdall. The mercury w r as not forced 
up till liquefaction was completed, and the 
upper end of the tube tilled with liquid 
alone t but the gas tube and compression pump 

* Avcnariu#, AfM Aw;L JSeL 187^77. 

1 Coilkt^t Atld Mat hi as, Journal dt I'hywiqui, 2 17 jut,, lam. Y\ p. 1SSB. 
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were connected to a piece of apparatus like that shown in Fig- L42. 
This cornu s^ of a tube ABC* the two arms of which are united at 
D and communicate through the tube I>E with the gas tube and 
compression pump. The lower part of the tube contains Borne mercury 
AB. On cooling the tube and gradually increasing the pressure 
liquefaction takes place in both arms. After ci small quantity of liquid 
is thus obtained in each arm the condensation in A is stopped, and the 
arm BCD is alone cooled, and condensation is allowed to proceed in it 
till a column of liquid EC of a convenient height is obtained. The 
difference of level of the mercury in the two arms gives the weight of 
the column of liquid above B diminished by that above A, The object 
of having liquid in both arms is to correct for I he difference of surface 
tension which would exist if the mercury at A were in contact with 
the gas 1 and that in B with the liquid* 

By this means the density of the liquid is found, and the results 
of the experiments were found to be represented by the following 
formula* 

For nitrous oxide from - 20 -6 C, to : 24 C,— 
p - 0-342 + + 0-0022^^4 - d. 

For carbon dioxide between - 34 CV and + 22* 0,— 

0*350-t-OMUl 4- 0-101 V -U - $ v 

and for ethylene at - 21* C , - 3“-7 t 4 -3, add 6 s *S respectively, the 
density of the liquid was 0-414, 0-353, 0-332, and 0*31- 

The saturated vapours were studied in a ns an nor similar to that 
employed by Aitsdcll, namely, by noting the volume at the point of 
liquefaction. The formula? obtained were :— 

For nitrous oxide (saturated vapour)— 

p = - (M5036I^ - o-oru v r 3tf i s. 

For ethylene— 

o-1- c orn m <wmo - i r 

and for carbon dioxide— 

p= o-sgss - ej-004 - om * y f & i -a. 

Then formula belong to the general type 

fi — a + c 

1 where 0 t . is the critical temperature, and if a curve bo constructed 
with p Bud 0 as co-ordinates it will be an arc of a parabola, Such a 
formula, of course, cannot be expected to be more than roughly 
approximate. 
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More recently M. Amagat 1 has employed n somewhat different 
method. In the method employed by Anadell the Batura ted vapour 
density is estimated by observing the volume occupied by the sub¬ 
stance in a graduated tube when the pressure is increased just to the 
point- uf liquefaction. It is + however, very difficult to determine the 
exact point at which the first truces of liquid appear, or at which the 
last tracoa disappear, and a small trace ol sir retards the liquefaction 
considerably, nnd then it takes place at a pressure notably superior to 
the maximum pressure of the pure vapour. It ii only when some 
of the mi balance has been condensed that liquefaction takes place at 
the normal pressure. Fur this reason M, Amagat adopted the follow¬ 
ing method. The gaseous substance was compressed e ill part of it, 
say Y* t ^ lc total mass, was liquefied. When equilibrium was 
thoroughly established the volumes of the liquid and vapour were 
observed. The condensation was then proceeded with till tV or 
l', were liquefied and tlie new volumes were observed. If An and 
Ai ,r denote the increase; of liquid and the decrease of vapour when wo 
pus from the first stage to the second, p and p the densities ol the 
liquid Lind saturated vapour respectively, then the mara ol vapour 
condensed is 

pAtf or pAr ; 

hence 

Ar _ p 

But if i and r denote the total volumes of liquid and vapour, we have 

jw + pV = n« h 

where m U the whole maw of the substance. From these two 
equations we obtain the quantities p and p at once. 

In this method the effect of the variation of the meniscus with 
temperature h eliminated, as it has no in fine nee on the ratio of Aj to 
Ar". Thu difficulty of the observations, however, increases rapidly 
m the critical point is approached* the instability of the substance 
rendering it difficult to obtain the meniscus in a steady posiiioit. 

While carrying out these experiments \\. Amagat noticed gome 
interesting effects which bud not been previously recorded* Thus by 
slow compression the menimiE disappeared at a teiujierature inferior 
to that of the critical point (at 30 u C-, for example, in the ca^e of 
carbon dioxide). As long a* the meniscus existed the interior generators 
of the tube appeared broken at its level {on account of the difference 
of refractive index) in such a way as to produce the appearance of a 
sudden diminution of internal diameter of the tuhe* At the moment 
s & Anuigilj, Cvmpiti torn. cih\ p. 1003, Mny 1S^2. 
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of vanishing of the meniscus the breach in the generators disappeared 
and was replaced by two curves joining very regularly the two 
portions of each generator, the density at thu name time appearing to 
piss in a continuous manner through all values from p la p'< This 
appearance was very transitory. An clique horizontal hand, resem¬ 
bling a thick emulsion, suddenly sprang up tow&rda the middle of the 
curvature and then disappeared. The meniscus then vanished with 
the broken generators* and a shower of fine drops fell upon the surface 
of the liquid and agitated it violently. In some eases the rain of 
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droplets resembled the bubble* of vafsour rising in a Wiling liquid, 
and sometimes bubbles rose while the droplets fell, both phenomena 
Occurring simultaneously. 

These fact* show how difficult it is to make measurements at 
within two or three tenth* of a degree of the critical point. M. 
Aniagat was, however, able to obtain good roiniil* by this method up 
to 31 (1 with carbon dioxide. The results of his experiments are 
shown in Fig. 143, whore the saturated vapour and liquid densities 
are represented by a curve having the densities for ordinates, and the 
corresponding temperatures for abscissa This curve, like those of 
MM. OuHetet ami Mathias, resembles a parabola having its axis some- 
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what inclined to the axis of temperature. The locus of the middle 
points of it* chords is accurately ft right line/ but the summit of the 
curve is much flatter than that of u true parabola the densities of the 
liquid and vapour rapidly approaching equality at the critical tum- 
pemture. At this tempera in re the two branches of the curve unite. 

On the same diagram is represented the curve of vapour pressure 
having the same temperatures for abscissa?, and the corresponding 
pressures its ordinates The intersection of this curve with the 
ordinate at the critical temperature gives the critical pressure. All 
the critical constant* are thus determined. For carbon dioxide 
M, Anmgat find a 

^ J1 ■ 3-S C. t t 2-9 .it tri ., fy = 0 , 46 i l. 

The remaining curve shows the water-line ami slcam-lino — that is, 
the bonier curve or locus of points at which the substance is all liquid 
or all saturated vapour. The pressures being ordinate* and the 
volumes ahsdssa% it gives the volume of iho substance when it is all 
saturated va|*>nr or all liquid at any temperature up to the critical 
point. 

240. James Thomson’s Hypothesis.— Two years after the publica¬ 
tion of Andrews 1 * experiment* on the isothermal* of carbon dioxide, 
Professor James Thomson 1 supplemented these curves by an ingenious 
speculation suggested by the shape of the isothermal* ini mediately 
above the critical temperature, as well as by the idea of continuity 
of transformation ho much insisted on by Andrews, Thus in Fig. 144 
the broken line ABODE represent* the ordinary isothermal of a suIj- 
fttanee passing from the liquid to the gaseous Elate, The part AB 
refers to the liquid state, and is approximately a straight Hue parallel 
to the axis of pressure. At B the vapour pressure is equal to the 
external pressure, and the substance begin* to separate into a mixture 
of saturated vapour and liquid. The quantity of vapour increases at 
the expense of the liquid till D is reached* and here the substance is 
all converted into saturated vapour. While this transformation ib in 
progress the pressure remains constant^ and the line ED T represent¬ 
ing the isothermal of the mixture* is parallel to the axis of volume. 
Beyond D the substance in a non-sal mated vapour, and the isothermal 
approximate* more and more closely to that of a perfect gw. In 
the whole isothermal there are breaches of continuity at B and D t 
if the temperature is below' that of the critical point, but no such 
discontinuity appears in the case of an isothermal above the critical 
temperature. Here the curvature of the isothermal undergoes no 

i [ThU fact i* gvpemtly referred to u the law of rati Ei Ural Jia meter*,] 

11 J< Thammti, ff*. Btff* ijfotp 1871, 
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sudden change at any point. Tho whole curve is wmtintioufi and un- 
broken throughout its course. The same remarks apply to the state 
of the substance, Along the line AB the 
whole inass is liquid and homogeneous 
throughout. At B discontinuity of state 
ecu id, one portion being liquid and the 
other portion vapour. At D the simul¬ 
taneous existence of tho two states ceases, 
and the whole mass again sanies a 
uniformity of state, being entirely con¬ 
verted into vapour* 

In order to complete the continuity 
which exists above the critical tempera- 
Lure, and extend it to transformations 
below that teniporaturc, Thomson put forward the suggestion that AB 
and DE are portions of the same continuous curve, and are joined by 
some ideal branch, such as BMCND, along which the substance might 
pass continuously from the liquid to the gaseous condition without 
any separation into tw r o distinct states simultaneously existing in 
contact with each other. This part of the curve is very interesting, 
for along the portion BM the condition of superheated liquids, as 
exemplified in the experiment of Donny and Dufour (Art. 187 b finds 
representation, and along the portion DN the condition of super¬ 
saturated vapours finds place. Thus the abnormal conditions of both 
liquids and vapours are embraced by 1 hoinsou s curve, and the 
so-called i fijjimlitf of commencement of change uf state is merely the 
passage of the substance along the curve BMCJND for some distance 
beyond B or D. 

The condition of the substance at any point along this curve is one 
of uniformity throughout the mass, but it is essentially one of unstable 
equilibrium for any considerable displacement. 1 has the vapour 
at X is what we have termed supemturuted, and if the equilibrium 
be disturbed, condensation will set in, and if the temperature be kept 
constant, the point representing the state of the substance will fall 
with a decrease of volume to ft, where the mass in partly liquid and 
parti v vapour* In the same manner at M the condition is that of a 
uniform superheated liquid, and if the equilibrium he disturbed a 
sudden formation of vapour with explosive violence takes place, and 
the condition of stable equilibrium for the same temperature is assumed 
at where the substance is partly liquid and partly vapour* 

Along the portion between M and N the curve slope* upwards, 
indicating that the volume and pressure increase simultaneously, an 
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mi stable condition which is not easily conceived, and which can never 
be realised in a homogeneous mass, Expcrimentsi evidence of lh±R 
[iart of the curve can not therefore be expected, unless perhajffi, as Jb 
Thomson himself suggested, it may exist in passing through the thin 
surface film of a liquid in contact with its own vapour* 

If the isothermal curve a for any substance be traced, each on a 
separate sheet of cardboard, the upper portion of the cards being cut 
nway along the curves, and if theae cards be placed with their planes 
parallel and at distances equal to the corresponding difference of tem¬ 
perature, they will form the chanwtamtie surface of the substance, 
r » ** and exhibit the relation between p r v, and ft. Thomson constructed 
?uch a model for carbon dioxide from the curves of Fig, 144. This 
surface exhibits very clearly the remarkable changes of volume at and 
near the critical point, and it assists in giving a clear view of the 
nature and meaning of the continuity of the Liquid and gaseous spates. 

Although the whole mass of a substance passing from the state of 
vapour at D to the liquid state at B cannot be made to pass eontinu- 
ou^ly along the curved path DNCMB* yet during the process of lique¬ 
faction states corresponding to various points on this line may exist, 
and the passage under constant pressure from va|rour to liquid along 
the straight line IX’B may be the result of the jmssage of small por¬ 
tions of the substance, variously located t h rough out the mass, through 
the fttiues represented by ttoiueBtich curve as that suggested by James 
Thomson, I Ik us, jilt hough the transformation, ns a whole appears 
discontinuous, the continuity may be present in various parts of the 
nias-i while the t ran a form at ion is being conducted. 

The question now arises to how the lino BI> is situated with 
respect to the hypothetical curve BMNL*; in other words, being 
given the curve find the position of the line t or the pressure of normal 
ebullition at the temperature of this isothermal. The answer to the 
question ap|>ear* to be that the right Hue must be drawn so that the 
area BMC ia equal to the area CND. Thu reasoning by which Max¬ 
well 1 arrived at this conclusion is as follows. Suppose the substance 
to i*ass from B to D along the hypothetical curve in a state always 
homogeneous throughout, and to return to B from D along the straight 
line OB in the form of a mixture of liquid and vapour. Since the 
temperature is constant throughout, no work, on the whole, can Have 
been converted into liejit (Second 1-aw, see p. 48)* But the external 
work done by the substance in the first part of the process is repre¬ 
sented by the area enclosed by the curve, and the ordinates at B and 
D with the axis of volume, while that done on lhe substance in the 
1 Maxwell, X*it m #y, voL iL, I 87 S. 
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second is represented by thu area enclosed by th® line ED with the 
KiLiiie ordinates and axis, Hence these areas must be equal and 
opposite i or, in other words, the area BMC h equal 1 to the area 
CUD. The value of either area of course cannot be determined* unci 
the shape of the curve between E and D cannot be determined until 
sonae general relation between the pressure, volume, and temperature 
has been established. 

Passing along the right line ED, the substance is partly liquid and 
partly vapour* but in passing from the state of liquid, at B, to that of 
saturated vapour, at D t along the curve suggested by Thonjson + the 
substance is at each point of the j>ath homogeneous throughout. The 
equality of areas just mentioned may therefore be stated in either of 
the following ways :—“ The pressure of the saturated vapour is such that 
the external work dona during vaporisation is the same us that which 
would be performed if the substance Increased its volume by the same 
amount, white at each stage of the transformation it remained homo¬ 
geneous throughout* la or £ • the pressure of a saturated vapour is equal 
to the mi*.at pressure of the substance while receiving an increase of 
volume corresponding to eocapltfto vaporisation, and remaining at each 
stage of the process homogeneous throughout^ 

A method of plotting the unrsalisable} or James Thomson, part of 
the isothermal curve has been described by Professors Kamaay and 

fc The equality of area* ha* htvn cpdurH by Cbtitfu* (ffW. Ann, vol. 
is, p. 33?, 18^V: from the algebraic statement of the Second Law. Assuming the 
cyalfl composj.nl of the curve BUN D and the line 1>B to be r?¥Rlibk P we have for 
ihtf whole cycle face Art- 829* 



but thr&ugLoEit the eycle tbs temjMrutMK 13 constant* therefore 

/<Q = P r 

Hir no htmt is, on the whole, given to thn unbfUnw or taken fro® it during the pro- 
ce&i and cQUHqne&tiy aa before t]ie area* are equal. Tbiu, &1axwe]|‘» proof tk^U 
ultimately on tb same axiom an thikt ofCIllinus, viz. an the mntid law of tl.crnia- 
dynanifts. Both, howowr, apply principles derived from experience to a cos® which 
cannot be realist experimentally, namely, ihu pa&nage through the states repre¬ 
sented by tho L’lltTO, and which consequently casts doubt on the ligilimacy of the 
CCiDrlunioiuf. A proof or the theorem can also be derived from the tlieoi-entui of 
Gibbs on ihn thertnodvnaiui^ BtirftOfr (GtbUr on the Equilibrium of Heterogeneous 
Substances, Chap* VjfL. S«l VI. 1. 

It may be it marked that the internal energy of tlie mixture of liquid and satur¬ 
ated vajionr at the jwim G h where the dainfs Thomson curve is cut by the right line 
BD (Fig- Ml), b not the same as the Internal energy oE the ieias* at the *omo point 
when in the Ly|iothetieal h»mogeneou» atari*, but the internal energies m the two 
"tales at C differ by the -ire* of either loop BL-XI or €DK 
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Young. 1 The rehilon between temperature suid pressure is deter* 
id inert by drawing vertical lines (constant volume) across the Isothermal 
curves, cutting them in points which correspond to cortnin definite 
pressures, which may he determined from ft properly constructed 
diagram. A series of equi volume curves may thus be plotted out by 
using the temperatures its ordinates and (he pressures as absciss®. 
All such curves wore found to Ite straight lines, the relation between 
pressure and temperature at constant volume being linear and of the 
form t 

J? — WJ - it p 

where it and h are mmtmU depending on the volume dwwn, and 
varying with it The values of n and b being bund by experiment 
for any volume at temperatures above the critical point, cxtrapola- 
lion was then applied to temperature* below the critical point, and the 
relation between procure and temperature determined along the 
unrealizable part of the curve. Experimentally the pressure may he 
cautiously reduced below the point at which boiling occurs, and simi¬ 
larly a part of the curve on the other side am be realised by having 
the vapour in a fipace free from duet, so that condensation does not 
begin, although the temperature us below ihnt of condensation. 

The equality of the arena of the curve above and below the hori¬ 
zontal vapour line, ns already referred to, was tested and verified by 
tracing the curve in this manner on tin plates, and cutting out the 
segments and weighing. 3 

Jlc/rt._Kft 4 r tbo critical point small ebangoh of j^'^aurc iKittcmleil by CDli^rler' 

Me- ebangea tif density, HL Gffliy [Comptia fttntiwt, lorru env. p. 720, lSW; has 
consequent by directed attention to the important influx nee of the weight of super' 
irioumliirnt ma&a of fluid on the lower elrata af a antetuKo near iiJi- critical point* 
TIl* 1 affect t>f thU pre-**Urc will be to place the lower alrata tinder pressure* higher 
t ifejLik That Appertaining to lIlc critical point while the upiHtir strata are a till at lovrcr 
prc&auf c*. The uppT and lower strata in *y thus be at very dilfe rent Ilian ci dentin, 
and in XL titiyv's opinion this IN ny explain the Glrtervati&lU of MM, Caillatet and 
Colordaau farther a mu* by U. Zuntfriaai, Phil Jftir;, vol, ssavi.p. 350 k Aug. 1£&3}* 


■ JVHfure, vol. sliv + p, 27 a and p. flD5 a 1SS1. 

J The ^nation of van der Waals is of this form (see p. 

1 [TT-i.pi ant ha r ban ftUgjgefttad that 4 conceivable manner ill which the change from 
llntdd to vapour miid 11 take place ia by the formation of a very largo number <d 
&ya±l bnbhfea rtpml ly distribnted t h roUgbou t the gravity tig euppoaod not 

to aflL tf tbeaa bubble* grow uniformly till they touched, the mass finally changing 
to a number of equal small drop nfliqnid distributed throughout the vapour, and 
theae drop gradually Increased in sin ami coafesw H-d p then the changes of pressure 
a Nil yoIuuic might he represented by a curve resembling J* ThoJUMU’s curve in form* 
Thi-- f t\ mww would of OOP re* baheL*rftg*nBoofl and the condition unstable. (T. PreHton r 

mi. ifii't., s*pt. isw.il 
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ON EQUATIONS RELATING TO THE FLU Hi STATE OY MATTER 

241, Early Experiments on Boyle's Law, —A perfect gas has 
boon referred to already aa an ideal substance which rigorously obeys 
Hoyles law, The substances which are ordinarily termed gases and 
vapours obey this law only more or loss approximately. Within fairly 
wide limits the volume of any ordinary gas varies very approximately 
in the inverse ratio of the pressure to which it is subject. This ]aw w as 
discovered by Robert Boyle in l66Q f and in 1G61 he presented to the 
Royal Society his work, “Touching the Spring of Air and its Effects/ 7 
With respect to tho experiments on air he says : “Tis evident that 
m common air when reduced to half it* natural extent obtained a 
spring about twice as forcible as it had before, so the air, being thus 
comprised* being further crowded into half this narrow space, obtained 
a spring m strong again as that it last had, and consequently four times 
as strong as that of common air.” 

According to the dynamical theory of gases Bovle's law is a con¬ 
sequence of the comparatively very wide separation of the molecules. 
When the molecules are widely separatod, so that they jtossess free 
paths, during which they move in right lines, and are free from mutual 
influences* the time spent in mutual influence becomes vanishingly 
small compared with the time spent in traversing the free path, and 
as a consequence the mutual effect of the molecules an each other 
becomes negligible, at least in n first approximation. The nature of 
the molecules and their mutual actions when near each other are thus 
eliminated from consideration. Suoh perfect freedom of a system of 
molecules from mutual influence is only attainable ideally as a limiting 
case. In the gases found in nature tho time spent by any molecule in 
its collisions with the others is not vanishingly small compared with 
The whole period, and for this reason the effect of the mutn&l inter¬ 
actions of the molecule* becomes sensible, and deviations from the 
law of Roylo of greater or less magnitude are exhibited. 
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Hoyle himself docs not appear to have considered this law to 
[Kieses* the wide generality afterwards attributed to it. He believed 
that for pressures above four atmospheres lhe compression of air was 
less than the amount deduced from the law, and Mnaohenbrwk 1 
appears to have arrived at the same conclusion. 

Sutler and Robison 3 bosh obtained the ophite result, and found 
that when the pressure was increased in the ratio of T to 1, the density 
increased in the greater ratio of about ft to I. This indicated a very 
wide divergence from the Uw T and must be attributed to faulty appa¬ 
ratus and the mode of observation, for later experiments by Oersted and 
Smmdseu, with Improved apparatus, gave results which were very 
consistent with ihe law, although, on the whole, the density appeared 
to increase somewhat faster than the pressure. This, however, they 
attributed to errors of observation* 

The next scries of experiments was by Desprelz,* The direct 
object of this investigation was to determine if all gam were equally 
compressible. It consequently was not ascertained if any particular 
gas obeyed Boyle's bw t hut rather that the different gasta were com¬ 
pressed by different amounts when subjected to the saute increase of 
pressure ; and hence, if any one of the gases examined obeyed the 
law accurately, the deviation* of the other# from it could be deduced. 
The method of experiment was to enclose different gases in barometer 
tubes standing in the same cistern. The tubes were all of the same 
length, and the quantity of gas hi each was so adjusted that initially 
the mercury stood at the mme level in all the tubes. The system 
waa then placed in a tail cylinder filled with water and fitted with a 
screw, by which the pressure could be increased at pleasure. It was 
then found that when the pressure waa increased the previous equality 
of volume of the various gases became destroyed, and that the level 
of the mercury stood higher in some of the tubes than in others. It 
was thus found that such gases as carbonic acid and ammonia were 
more compressible than air, and that when the pressure exceeded 15 
atm os., hydrogen exhibited an opposite effect. Up to 15 Atmos, no 
difference of behaviour between air and hydrogen could be detected, 
but at higher pressures ihc hydrogen possessed a sensibly greater 
volume. This showed that of all the gases examined hydrogen was 
the least compressed at high pressures, or that the product pr was 
greater for air than for any other gas except hydrogen* If the values 

1 3*0 ties introduction i* RtguauLiB Mt-moir on tb# com firrGsibility of 
( Aftm* de fJ&d- torn, xxi, l 

* Kol isola, Mttha* iccW 1 rkiimphjf t tc>1. hL p. C37. 

* JSt/irt. JohtW ofScirtirs, TcL jv. ]£36. 

4 Deaptctu, Ann. tfc Chtmif it th 2* m rr tram XXSIV. |ip. Li3£i p 4 Cl 3 1s£r. 
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of pr were tubulated from such an experiment, while the temperature 
waa maintained constant, the extent to which the various gases deviated 
from Boyle's law would be placed in evidence, and if every precaution 
has been taken to obtain them perfectly free from aqueous vapour, and 
all other impu rinse, the discrepancies must be attributed to ait actual 
difference of compressibility of the various gases. 

The research was next taken up by t'onillet,* who followed the 
method of Oersted and Deapretz. He compared the coin inedibility 
of two gases contained in tubes about 2 in. long* and he concluded 
that oxygen* hydrogen h and nitrogen were equally comprised hie up to 
1 DO atinua, and that sulphurous acid,, carbonic ar?jd T ammonia, etc,, were 
notably more compressed than the former under high pressures* It 
* till remained* however, to test the obedience of any single gas to 
Boylft'ft law i it was still believed that air obeyed the law, and the 
investigation of this point was taken up hy Pulong and Arago. 3 
Their experiments ranged up to 27 atmos^ and within these limits 
they found that the observed volume was always slightly hm than 
that calculated by the )aw H From an irssjiection of the numbers 
Furnished by their experiments it appears that the difference between 
the observed find calculated volumes did not mcreaso but rather 
diminished as the pressure in creased. The difference, however, was 
always very small, and fluctuated a good deal in magnitude, so that 
it could not l>e concluded with confidence (bat any deviation from 
Boyle's law had been proved. For this reason the whole matter was 
investigated by Regnauh 3 in a much more comprehensive manner. 

1 .EVuillct, iSUmtitit tit Ph^$%^ue i tons, S. ji. l}27, 

s Xtakng it Am go, Am. dt Ckiifftu tt ri* PfrytUptt, T- jkt*. tom. iliii. p 7-1, 1 &10. 

* Rejfnin1t h d*‘ FAttrd. Ldiil XeL [K ft'ifl. 

Ill Kt'gnAii I Lk dpfHinraU os Boyish law tho at yr rouhl Hot Lave 

been due to errors of obrarmion. Tlif dilFerenceH would have frqulnd on error of 
read iug of the ptwlm of from 2 to llS dUu. 

RujjihUlU rupffiieated the ifnisllj- of hbi eijwriiue nt by a fftriuitta— 

**>=» *a(J-|)±i(J-,) - . 

Ill hit Jutland memoir ho proposed tL« formula \p beiug eipTuA-wJ lb met™ of 

rtiercmy)— 

=i 4 A(p ± b(ji - imf. 

For air and nitrogen A wjw negative and B ptaithrn ; for carfhunie acid bo(h A and 
B wens negatlvi* i tad for hydrogen belli were pod tire, — Jfelatio* ds* Erptritn&S, 
tom, ii p. 237, elt 

Tin* formula— 

|W=j^R(flft + Aj + E8 F 

connecting the prttumr, volume, and tompefstnn- of ft gaa, wan pro|*i*od by Bchrodar 


461 


THEORY OF HEAT 


Pit if, v 


The method of experiment adopted was to unclose the gas under 
examination in a glass tube of accurately determined capacity, and 
surrounded by a bath kept at a uniform temperature. The gas tilled 
the tube initially, and its pressure }> lf was registered by means of an 
ol*s» air mercury manometer. The pressure was then increased by 
forcing the mercury to rise from a cistern below into I lie manometer 
tube, and ibis was continued till the volume of the gas was reduced 
to half its initial volume, or very approximately so. Thus if Boyles, 
law Is obeyed, and if r a = 2r, then we should have (>— I[l 
practice it was more convenient to bring the final volume r approxi¬ 
mately to the value Ir |lF and then observe the pressure p, when 
the initial pressure p 0 was varied by admitting different quantities 
of gas into the tube. The following table contains the results 
of Itegnauli's ex|>erif(rents on air, nitrogen, hydrogen, and carbon 
dioxide. It will he observed that in no case was the product pc 
found to be constant, but that the quotient exceeds unity in 
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the case of all the gases except hydrogen, and notably in the case 
of carbonic acid. In the case uf hydrogen, however, the quotient was 
Less than unity, and (ho inference was that within the limits of these 
experiments the product pr diminishes as the pressure increases for 
all the gases examined except hydrogen. In the case of this gas the 
deviation is in the opposite direction, the product ;w increases, and the 
compressibility is less than that deduced from Hoyle's law. This 
apparently peculiar and unexpected behaviour drew from RegiuiuK 
the ironical remark that hydrogen was a "gal pins que par fait." 
Later experiments have, however, shown that this property is not 

vBMt der Kolk, F»m this it would follow that Boyle's law would hold only at the 
tflm|Horaturs 

t l “ ™ * 
a 

From KctfliHilt'* expariment* M. Roy? calculated [list Ihh toluptrabut for ur U 
Q, for COa IM* C-r *nci hydrogen - 41 - 
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characteristic of hydrogen, but is exhibited by all other gases under 
high pressures, provided they remain in the gaseous state under these 
pressures. The general law seems to be that the product pt at first 
diminishes as the pressure is increased, and after attaining a minimum 
value it begins to increase steadily with the pressure. The exact 
course of the variations of />r is, however, modified to a considerable 
extent by the temperature at which the experiments are made. This 
13 placed in evidence by the following important investigations of 
Mm Aniagat:— 

242. Amagat's Experiments. — The experiment* of Eegnault 
proved conclusively that Boyle 1 * law is not rigorously obeyed by any 
gas in nature, and that in the cate of all the gates examined, except 
hydrogen, [he product pp dimaniahed. Within the limits of these 
experiments it appeared that, pr continued to diminish a* the pressure 
increased. That this diminution of yr doe* not go on indefinitely, 
but that after decreasing for some time a value of the pressure was 
ultimately reached beyond which the product /^increased, as in the 
case of hydrogen, was first discovered by Nattcrer while endeavouring 
to liquefy the so-called permanent g3usc* oxygen, hydrogen* and air. 
Although the ground thus broken by Nattcrer* was of the highest 
interest and importance, nearly twenty years elapsed before the 
subject w as taken up and examined mors thoroughly, This was done 
simultaneously by Cailletet and Amagat in 1370 ; and the experiments 
of the latter - especially have advanced the know ledge of the subject 

1 J. Nattend, FiViisr />Vr,, 1350, 135!, 1354 ; dita, vol. liii, p. I5P ; toI. 

scir p P 43C- 

- Am&GSt, (k Chirnir ei de Phtjtiqu€ h 4 d w*r., Earn. xxix. ; l r mV,, tups, xxiiL 
p. 353, f vmpifs Ifemivsy H*itL Ixxiii. p. 135 : tain, \xxv r p* 470 : lom. nv r p, 
rtc., 1S02. 

Am&fcptt {CtHftpU# IfrnduSt toilfc. xvii. p. 1153] give* the foil during table for thu 
pnxlllct j^r far nitrogi-n Arid SW at ibi* orUinarY Lein(wnittirv 16 C K| by which. tha 
comet leading of an ordinary mt TnAnqmicter may be determine! At ordinary 
[ empcraluro n : — 
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The pressure was determined by a column uf moreury in a tub* euaehed t*> a tower 
6 j Euetrn in height- 
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in a marked degree The method of experiment consisted essentially 
in the comparison of two manometers—one containing nitrogen, and 
the other containing the gas under examination. The hitter was 
placed in :i hath,, the tempera lure of which could be varied at pleasure, 
and also maintained uniform during a series- of observations. A 
previous investigation of the compressibility id nitrogen, made with 
the greatest care (the pressure being directly deter untied by means of 
an open air manometer), furnished the means of determining the 
uctun] pressure by menus of the nitrogen manomtitar* Thus in the 
present investigation the volume and temperature of the gas under 
examination weft directly observed, and the pressure wai determined 



W#-, MS. llyUnj^rh. 

by the nitrogen manometer. All the quantities, /t, r, and 0 arc thus 
known, and the variations of any function of these quantities may be 
determined- M. Araagat represented the variation of the product pr 
at constant temperature by tracing curves* of which the ordinates 
weipe the values of mid the abscise the corresponding values of p. 
An inspection of these curves shows that all the gases examined may 
be divided into two group. Hydrogen ia typical of the first group, 
and iii this (Fig, Ha} the corves are sensibly straight lines within 
the limits of the cxjterimenU Thu lines corresponding to different 
temperatures are parallel to each other, but inclined to the axis of 
pressure in such a manner sis to indicate that pv increases uniformly 
with the pressure. Carbon dioxide and ethylene are typical of the 
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second group, Tti this case pt diminishes lo a minmuun, and then 
increases indefinitely with the pressure. 

It Boyle 3 law were rigorously obeyed the curve connecting p* and 
p would be a right lino, parallel to the Etxisof press tiro, and the curve 
conuifcEing p and r at constant lemjrerature would be an equilateral 
hyperbola. Hence in the case of carbon dioxide and other euhitAivce^ 
of this group, the curve connecting ;> and r is at first steeper than the 
hyperbola, and afterwards becomes less steejv and is not asymptotic 
to the axis of pressure. 

The behaviour of nitrogen i* ahotvn in Fig. 140. At low pre&aure^ 
the product dimillUhos as the procure increases, but after reaching 



Flu. 14ft—Nitnupsn. 

a mini mum the product begins lo increase, and the curve rises like 
that of hydrogen, The figure shows the curves for experiments 
conducted at 17 7 P 301, uO 4, To 5, 100" L 

The curves for ethylene are shown in Fig. 147, In this case the 
variation of jut is nuieh more marked The curve falls rapidly el t* first 
sad is concave towards the axes. It then turns and rises almost 
uniformly. It will be observed that as (he temperature increases the 
marked drop in the curve u well as the concavity disappears, and it 
is to be surmised that above a certain temperature the curve would* 
like that belonging to hydrogen, show only an upward slope. The 
fact, that the product pr always increases for hydrogen is then a 
sequence of the fact that at ordinary temperatures it is farther from 
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iu critical temperature than the other gases, or at least it is so far 
removed from it that the initial downward alo|ie ha$ disappeared from 
the curve. At low temperatures it is to be expected that the 


hydrogen curve would show a sag like that of nitrogen, and at very 
low' temperatures like those of ethylene and carbon dioxide. 

The curves for carbon dioxide me shown in Fig. I4B, and resemble 
generally those of ethylene. Near the critical paint the variation of 
the product pit is very rapid, but as the temperature becomes more 
elevated constancy is more nearly approached, and the point of the 


lltf. 147,-EcliJ-leJw. 
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curve where is least gradually recede from the origin. Thus, for 
ethylene at I 6 L -5 G. the minimum value of /*# correspond* to a pressure 



Fiji. ] I*. — Ck.rbtm rl \aX\ifm. 

i 

* of 55 atmosphere*, while at 50" t\ the enrrespotiding pressure ia St? 
alnsfi-t and at 100 it is 120 atiue. In the case of carbon dioxide the 
minimum values of pr at ihe temperatures recorded in Fig. US were 
found by 1VL Arnagii! 1 to occur at the following pressures: — 


1 Aamgat, Campt/a Rctvfus t tom- CJCiii. p. 4AO, Ml. 
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It from Fig. 148 that these minimum points advance to the 

right sis the temperature rises, but that this displacement ceases at high 
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tomf^ratura, and a reirogado mot ion set* in, so flint the (dotted) 
curve [joking through these point* posse^es ji parabolic form. Tim is ■ 
shown more clearly ill Fig. 149, which exhibits the left-hand portion 
of Fig. 140 enlarged. The parabolic form of the dotted curve* 
pining through the minimum point** is here strongly brought out* as 
well as a second parabolic dotted curve* which «pp«rtwiw to tempera¬ 
tures bolow the critical point, and pisses through those points at 
which condensation begins as well as those at which it is completed 
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(cf r Fig, 14:3), The two doited i&a thermal* correspond to the 
temperatures 32" and 33 (1. 

The parabola of minimum values of pr can be found from van tier 
Walls'equation (Art, 243) by writ lug p = j-,/* r = id obtaining the 
locus of minimum values of y* 

For very high pressures the curves become for all substances a 
system of sensibly straight and parallel lines* and the equation of any 
one of these lines will obviously Iwi 

jir-’s jn-ft 

or 

yv* “»} = $, 

The quantity a. depends on the nature of the subslaiue. while ff 
depends on the temperature. When r a the pressure is infinite, and 
ii is therefore the least volume into which the substance cun be coni’ 
preyed. With this meaning then the above equation would be 
litter preted by saying that at high pressures the law of Boyle is obeyed 
by all substances at temperatures above the critical |xjibi t r if we take 
as the volume of the gas the whole space in which it is enclosed* 
diminished by the least volume of t he substance—that i* d if the volume 
of the gjiA be considered hs the apace tr - u rather than the whole space 
v in which it enclosed. 

For the ratio a i L under a pressure of 760 man M. Aniagnl finds— 

Hydrogen. Carbonic «jii. Ethylem* 

“ - tonm7$ o-qo 170 to mm, 

V 

In alt such experimental investigations the gas is compressed in a 
tube over mercury t and in testing the truth of Boyles taw a correction 
for the pressure of the mercury vapour must be applied. This cor¬ 
rection has an insignificant effect at high pressures, but at taw pressures 
it leads to great trouble and doubt. For this reason a new series of 
experiments was undertaken by Amagal 1 on the ^impressibility of 
air f hydrogen* and carbon dioxide in a rarefied condition. The same 
question had been previously treated by Mendetasff,- Kirpitschoff* and 
Hemilmn, by SilierstrSta 3 and Amagat.* Tbc results of these in¬ 
vestigations differ considerably, and are attended by certain unavoid¬ 
able sources of error which become more and more accentuated as the 

1 Aliagal, /fm dt Ckimif c£ dt /^yji^ur, ai-r., tom. miL p, !!97, 1SS1 ; and 
lorn. iiviib* IS&t. 

- BlendelctitT *wl KirpitAcliofr, Atm* dt Gh\mit ct dV; Fh#*ifu* r 5*5^., tom, ii \k 
127 h 3 874 i and tom. lx. 197&. 

3 F. A. EJiljiiratriim* /fsn, noh cIL Jn. 451* 1$7C 

4 Am*g*t r Jniu dr Okiwit rl rftf le d 5* h^r, tola. riiL 
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pressure is diminished. At low philtres the deviation from Royli«'s 
Ihw is exceedingly small, and at very feeble pressures it becomes so 
shrouded by the errors of experiment that it is impossible to lie 
certain either of its magnitude or the direction in w hich it lakes place. 
The method of experiment adopted by Amugat consisted in allowing 
the gas, enclosed in a glass cylinder of volume v and at pressure to 
expand into another glass cylinder of sensibly equal volume r. Both 
the cylinders were immersed in an oil bath kept at a constant tempera* 
turc. After expansion the new volume of (ho gas was r + p , and its 
pmiyrd p was measured. The quantities *y> and (f -■ O/ 1 could thus 
be compared, mid the deviation* from Boyle's law, if any, were deter¬ 
mined. In the ease of air no sensible deviation was found at low 
pressures, but carbon dioxide yielded a product p* which diminished 
continuously as the pressure increased. Tins method of experiment, 
though apparently very simple, present* considerable experimental 
difficulties; and condensation of the gas on the walls of the enclosing 
vessel seems to lua unavoidable. 

Numerous experiment* on the compressibility of nitrogen, sulphur 
dioxide, carbon dioxide, ethylene, and ammonia have been conducted 
by F. Roth, 1 the temperatures being carried to 18Cr C. by undine 
vapour, and the pressure* ranging up to 160 afcmos. The apparatus 
employed was a modification of that adopted by Pouillet. 

[The compressibility of air at low temperatures was determined 
indirectly by Witkowaki, 1 making use of Amagat's values for air at 
16 €., and of his own experiments on the coefficient of dilatation of 
air (Alt. \ 22). If r is the volume of a mass of air at pressure jji and 
temperature ft, r t its volume at the same pressure and at temperature 
f ? r 0 it* volume at standard pressure and lemperature f, and r 0 it* 
volume at standard pressure and temperature, than we may put 

F*=W* 

w here y is an unknown function of p and ft, but « is known for all 
pressures from Amagal^s experiment*. If a volume r n by heated 
under constant atmospheric pressure to f, its new volume will be 
e 0 * =. ^(1 + id), a being the mean coefficient of dilatation at atmospheric 
pressure which is practically independent of the temperature. If the 
pressure bo now raised to p h the volume becomes 

1 p " y 


* Both, U U4. Am. veLix., 1SS0, 
s PhiL Ma& t April im. 
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iim \ if its temperature be now raised to &' at constant pressure p s its 
volume will be 


^T^l+o() , 1 + Wn*V. 


therefore 


If — ( ( 1 T flf 


1 + V 
1 ^ 


i r *,d 


In Fig. 1;>0 tha ordinates nri' the values nf /«?, which is proportion^! 
to ij, for given t«mpffl»tnres and varying pressure. | 



Z43. Compressibility of Gases under High Pressures.— The 
compressibility of gases under very high pressures has also been in¬ 
vestigated bv M. Aroagat, 1 The method employed was that used for 
studying the compressibility- of Liquids s within the same limits of 
pressure, but the difficulty was far greater, arising chiefly from the 
smallness of the volume which a gas occupies when it is highly 

1 Amsgtt, tkmpki Ktrniui, Urai. evii. p. 533, 1638- 
1 Ibid, lum, civ. |i. 633, rtn, lSD2-fl:i. 
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etuupretaftd. After numerous trials perfectly regular and concordant 
result-4 were obtained by using for gauging the tubes the method of 
reading by electrical contacts, which then served to estimate in the 
same tabes the volumes successively occupied by the compressed gas. 
For the same reduction of volume Amagnt found far higher 
pressures than those obtained by XaUerer. This difference can l>e 
easily accounted for by the inevitable errors inherent in the method 
pursued by (he latter. The following results refer to high pressures. 
For pressures below 1000 atmos, it was proposed to employ an apparatus 
which would enable the temperature to be raised far higher than it 
previously bad been with these very high pressures* where it was 
only possibly to work between 0 mi 50 . The table gives, for the 
pressures specified in the first column, the volume* occupied at 15" 
by a mass of the ga* which occupied unit volume at ID mid 700 mm. 
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It is interesting to compare the impressibility of strongly com¬ 
pressed g:ues with that of Hep lids. In order to facilitate this com¬ 
parison the following table from 750 atmos. to 5000 atmos. contains 
r their coefficients of eoraprwthkLUy as usually defined, viz. - dr rdjt: _ 


UnjU fff Piwmiif. 

Air, 

XtC rojj^sf. 

j CfentBa j 

¥ffdXQfKfl+ 
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It is thus seen that at high pressures the three first gases have 
pretty much the same compressibility, and that it is of the same order 
as that of liquids- In fact, at 5000 Atmos, it is virtually equal to 
that of alcohol at normal procure. Hydrogen, however, has a much 
larger (almost double) compressibility at 3000, and it is almost equal 
to that of ether about the normal pressure* These compressibilities 
like those of liquids, increase w ith the temperature, as i# shown in the 
following tabic for hydrogen : —- 
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LUoll* or Ptumir* In At lao*. 

At or. 

At U‘-4 

At ir 'i. 

lift ween 1000 anil 1K04 

„ 1500 ,, 2000 

„ 2000 „ 2500 

„ 2500 „ 3000 

Odense 

v-omm 

0D0O40S 

0*000273 

o-omi®7 

o^ooiM 

0'004416 
Q'000254 
| C '040209 

4’0041 OR 


The apparent densities are easily deduced from the apparent volumes 
Tivoli in the foregoing table, and if we assume the ordinary value of 
the compressibility of glass, the following result* are obtained for the 
real densities at 3000 atmospheres t— 

Densities *l 3000 Atmac euni|*r*cl with Water. 

Oxygen . . . . 1 NW7S leppsnmt} Vl0M(»wJ) 

Air .0'57&2 „ 0-8a17 ■> 

Xiuegtn . . - 0*»i » « 

Hydrogen , < . OflOSO >, 4"0887 », 

The curves obtained by measuring }> along the axis of absciss*® 
ami pr along the ordinates are nearly straight lincA, hut all present a 
slight concavity towards the axis of abscissa?. 

244. The Properties of Vapours. -At a time when it was supposed 
that the so-called permanent gases rigorously, or with an extreme 
degree of proximity, obeyed ItoyM* 1™V * ^d, been found that 
vapours near their condensing points deviated considerably from the 
Jaw. The experiments of Cagniard tie la Tour (IA22), Cahours 
(1845), and Binouu- (ISIS), proved that a* the pressure of an un* 
saturated vajxiur was in tressed the product pr diminished up to t te 
condensing point, or that the coefficient of expansion of a vapour 
decreases from the condensing point, ultimately falling to that of a 
perfect gas as the temperature of the uasaturated vapour is raised. 
In the exj^eriments of M. Cahours the coefficient of expansion appeared 
at first to increase to a maximum, and then to decrease gradually to 
that of a perfect gas as the vapour was gradually heated from the 
point of saturation. This peculiarity was explained on the supposition 
that at the saturation point condensation occurred on the walls of the 
enclosing vessel, and that as the vapour wus heater! this condensed 
layer evaporated and led to an abnormally high coefficient of ex¬ 
pansion. According to Renault's* experiment* it appears that un- 
autuvated water vapour may be regarded ins practically obeying Boy 1® * 
law until the pressure reaches * of the maximum vapour pressure. 
The specific volume of a vapour, or its vapour density at the 

i Aug. Cahearfli CotHpte* -Scarfs a. tern - ss. ji. 51, 1H45 ; aiu! tom. xxi. l L - 
* fUm-.-iii, Ann, ‘It Chin, it rl <lt rhyttqut, 3* w., loin, xviii. p, 22(5, IStii- 
s Rcgoadlt, Mtm. I'Acad. tarn. IX vi. l». 200. 
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poisii. of sat unit ion, is of great importance, its this quantity enters into 
many thermodynamic equation. The first experiments which estab¬ 
lished the influence of Temperature and pressure on the densities of 
vapours were those of Fair bairn and Tate in I860* These experi¬ 
ments (ns well as those of Him 1 and Wiillner') proved that the density 
of a saturated vapour is always greater than the value deduced on the 
supposition that Boyle's law k obeyed up to the point of saturation^ 
Their method also admitted of the investigation of the behaviour of 
noMaturated vapours, for by superheating the enclosed vapour the 
difference of level of the mercury surfaces and the volume of the 
enclosed vapour could be observed, and in this method the errors 
arising in the estimation of the volume are not greater than those 
which ordinarily accompany the determination of the tempers Lire, and 
the method is consequently favourable to the correct calculation of the 
specific volume of the sat united vapour. 

An elaborate series of investigations on the compressibility of 
vapours and variations of the product pf near the condensing 
point was executed by Herwig* in 186S P but the method was not 
good for the determination of the specific volume of the saturated 
vapour. The vapour under exam mat ion was enclosed in one ami of a 
graduated glass tube in which the volume could bo road oil Tho other 
arm of the tube communicated with a manometer which registered the 
pressure, and also with an air pump by means of which the pressure could 
be varied at pleasure. The vapour tube was immersed in a kith so 
that the temperature eoutd bo varied at pleasure, and the behaviour of 
the saturated vapour studied at various temperatures and pressures. 
The saturation j>oint was determined by observing when the pressure 
commenced to diminish as the volume was gradually increased, and the 
sOEuitiveness of the method depends on w hether an appreciable change 
of pressure is caused by a small change of volume at thin point. Thirl, 
howe\er ? is not the case ? for the value of r corresponding to the exact 
point of saturation fs very ill-defined^ the rectilinear part of tho iso¬ 
thermal merging gradually into the hy perbolic, and large changes of 
volume giving rise to small changes of pressure. 

This series of experiments led Her wig to the conclusion that the 
product/^- fora vapour gradually diminishes as the pressure is increased 
up to the condensing point, and that if j?„ denote the pre^ure and 
volume of the su balance at the com lending point, while and t? 
denote its pressure and volume at the same temperature when very 

1 Him, Ttifiifk w/omiyue dt h* Chak\ itr. 
a Witllqer, LthrK tl, /%JL vol. fit Jj. (164. 

3 Ifufwig, Pfrpj. An*. voL caoavif., IMQ ; vol. ^IL, is#o. 
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far removed from this point—that is, in the state of a perfect gaa — 
then the experiments might be represented by the formula— 

,^C^=O-OB0EV0* 

the eons tint C being the srune for all the subs tn litres examined. From 
this it follows that 

^‘=c\B= b ^’ 

where i is (mother constant, which will be different for different sub¬ 
stances. 

This formula, if true, informs us that the product ;«• for a saturated 
vapour varies as the square root of the absolute temperature, and 
therefore enables ns to calculate the specific volume of the saturated 
vapour at all temperatures from a table of vapour tensions. It also 
leads to the conclusion that at the temperature 

© = iyc*s2S2*'M its. - B’ -SB (tstigi>d« 

the product j>,v, is the same as the coustiiiit value of pe trader Boyle's 
law. This consequence of the formula has not been justified by 
experiment, and as Herwig did not extend his experiments through a 
sufficiently wide range of temperature, his formula cannot be regarded 
as possessing more than a very limited range of application. 

Subsequently many of the results obtained by Herwig were veri¬ 
fied by Wiiliner and Grotrtan, 1 hut they found from a study of the 
same vapours that the quantity C in Herwig's formula could not be 
regarded as constant.* The method of experiment was r* combination 
of that of Herwig with that of Fatrbftirn and Tate. The space in 
which the vapour was produced and studied consisted of three flasks 
of which the necks were downwards, and were graduated into parts of 
equal volume and communicated with a receiver full of mercury under 
a constant pressure. A fourth flask, placed in the same conditions, 
contained vapour always saturated in presence of an exeteaa of liquid, 
which played the part of the outside vessel iu the experiment of 
Pairhairn and Tate. The four flasks were placed in the tame bath, 
and the volumes of the first three were ill the ratio 1 : 2 : 4, and the 
weights of liquid placed in them were in the same ratio, so that they 
were all just saturated at the same instant. The temperature was 

1 JFiVfl. ^/nn. vd xi+ p- 1S80- 

3 1L Perot \A*n. tfe Chimk ft dt fi fi dr-* turn, liii, ji. 145, I3SS) fads 

that b ib« t-iiu of water the C in Herw%* fcrmnlm remmifit mndhly cawtiint mh1 
equflj to OOFiS will in thu limit* of the ^sperirnnuts (0S'"2 C, to J IO fc "S C-)- In the 
tnfifl of nth or, hoover, ii lBirtMfd from 01H23 it 30 C- OfKiOi? at 110 '5 C+ 
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raised till the three were filled with a dry vapour* mid the pressure 
was then increased very slowly till mist appeared in them or on their 
ivalls. This wan taken a* the point of saturation. The observation* 
made on the three Hunk* always agreed, but the pressure at which the 
mist appeared in them was always a little less than the maximum 
pressure of the saturated vapour in the fourth vessel. 

This indicates* as M + Perot 1 remarks, that the curvature of the 
isothermal is continuous at the point where the substance passe? from 

the slate of ji vapour to that of a 
mixture of vapour and liquid ; that 
it does not change suddenly from a 
hyperbola to ji right line, hut lhat 
condensation seta in at a pressure 
somewhat inferior to the maximum 
vapour pressure. This is shown in 
Fig, 1 5l p where the isothermal is 
drawn with a rounded instead of ji 
sharp corner at A Li. Here conden¬ 
sation starts at A and the pressure 
gradually increases to its normal 
maximum value at IJ. Lr follows, therefore, that in the experiments 
of Will I tie rand Grotriaft the specific volume was measured at A* while 
in Herwig’e and in those of Fairbdm and Tate it was estimated at 
the point B. 

The same conclusion* have been drawn by Battel!) * from the 
results of some recent experiments. The vapour pressure was always 
found to augment somewhat during the initial stages of condensation* 
so that the corner of the isothermal was slightly rounded olFns in the 
figures obtained by Andrews for carbon dioxide containing a trace of 
air* This augmentation of vapour pressure was noticed by RegmiilU 
in the case of vapours formed in air or other gases, and was attributed 
by him to the adhesion of the vapour to the walls of the vessel, or the 
retardation of evaj wration caused by the presence of the gas, Herwig 
observed the *amo effect when the vapour was unmixed with air or 
any other gjia, and he attributed it to adhesion to the walls of the 
vessel- Wiiliner and flrotriaii proved the existence of this augment a* 
tiou of pressure, as the volume decreased* in a decisive manner and 
under such conditions that it could scarcely be attributed to the walls 
of the vessel In the experiments of BattaUi the augmentation of 
pressure increased as the volume was diminished* even when the 

l M. PctoI, rhitnu rt r fr PkywUpit, $cr* r toiu. xiii. p, H5 P - 

a Bctt^ltl* Ann* d* cVjO,.i': tt dr. Fhyaiqut, 6* — r, tom. latv, p. 3®., l&y± 
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TOEft of the vessel were covered with a deposit of dew. This 
Augmentation continue* only up to a certain point where it ceases, 
ami] then the pressure remains constant while condensation progresses. 
Jn the opinion of Battclli it cannot be attributed to the presence 
of dissolved air, as precautions were taken to secure the purity 
of the liquid, and if it were due to the presence of air or a gua 
it should increase regularly as the volume is diminished, It con¬ 
sequently appears established that condensation commences gome- 
what before the maximum pressure in reached, and In BattcJlie. 
experiments- it was found that the ratio of the pressure at the com¬ 
mencement of condensation to its maximum value was ihe ^ame at 
all temperature^ but the ratio of (he augmentation of pressure to 
the dim million of volume increased rapidly with the tempera Lure, 
The coefficients of expansion under constant pressure increased more 
rapidly with diminution of temperature as the vapour approached 
saturation, and the rapidity of this increase was more sensible the 
higher the temperature. 

The coefficient of increase of pressure at constant volume diminished 
progressively with the elevation of temperature, and the^e variations 
were more rapid the smaller tile volume. With increase of volume 
the absolute values of them coefficients diminished. 

Battel Ii nl m found that the quantity C in Hsrwjg’s formula could 
not he regarded a* a constant ; but that it i* i function of the tempera¬ 
ture, so that he proposes to replace the formula by the more general 
equation 



where A* ti n k a, are constants. This formula cm I traces the result 
obtained by Battalli that the product p 4 * t incraises as the temperature 
rises up to a certain value and then decreases. 

The experimental investigation of the thermal properties of vapours 
has not yet, however, been sufficiently far advanced to establish the 
truth of any theoretic formula yet deduced. Crave discrepancies exist 
between the results of experiment and those deduced by theory, especi¬ 
ally when the range of the experiments h larger and in most cases it 
is difficult to attribute the discrepancies to error of observation or fault 
of theory, for the result h of different experimenters may differ con¬ 
siderably on account of the probable use of sutetuciees in different 
states of purity, and traces of impurities often modify the physical 
properties of a substance in a high degree. 

24S. Influence of In ter molecular Actions and the Magnitude 
oT Molecules on the Characteristic Equation of the Fluid State.—It 
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appears conclusively established by the foregoing investigations that 
■ no substance m nature accurately obeys Boyle's law, hut that, as a 
general rule* the deviations from this law take place in such a manner 
that at tirsl the augmentation of pressure with diminution of volume 
h not sufficiently great, and after a certain pressure is reached 
(which varies with the temperature) the opposite effect sets in, and 
there is a universal preponderance of increase of pressure* We shall 
now consider how these two opposite effect* may be accounted for by 
the dynamical theory when the sizo and mutual in due nee of the 
molecules are taken into account In order that the simple equu- 
CutulitLotu. tiou pf Rfl may be obeyed it is necessary (l) that the space 
actually filled by the molecule* of the gas may he vanishingly 
bui nil compared with the whole volume of the enclosure in which it 
is contained } t’J) the time spent in a collision must be negligible 
conspired with the average interval between two successive impicts; 
and (ft) the influence of the molecular forces must be vanishingly 
small at the mean distance of the molecules. These conditions merely 
express the supposition that all intemolecular influence may be 
neglected., 

If these conditions are not fulfil3ed T deviations in various directions 
from the simple gaseous laws take place, which become more and more 
considerable as the molecular stete of the gas corresponds less and lens 
to these conditions. As the space occupied by a given mass of gas in 
diminished^ the length of the mean free path becomes shorter* and the 
number of molecules in encounter at any instant bears a larger pro¬ 
portion to the number describing free paths. The exact nature of the 
effect of an encounter is unknown, but it is to be expected that when 
the number of encounters largely increases, the properties of the sub¬ 
stance will be ile ter mined more by the nature of the mutual action 
between two molecules when in collision (i.r. within the sphere of each 
other's action) than by the motion of the molecules when describing 
their free paths and for this reason deviation* from the simple laws 
of gases may las anticipated. As the condensation increases the 
behaviour of the substance will become more complicated, and its 
state of aggregation may change, ihe mass passing partly or altogether 
into the liquid slate, but the theoretical investigation of its general 
characteristics cannot he proceeded with until we know the nature of 
the action between molecules when they are so closely jacked that 
each is constantly subject to the influence of the others r The experi¬ 
mental data for the study of this action are to lw* obtained from the 
study of the relations between density, pressure, and volume, such as 
that furnished by the work of Regnault, Andrews, Aniagat, and 
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CaiHctet. and besides thi? in another direction by the study of the 
rate of diffusion and the viscosity of fluids. 

Attempts have been made by several physicists 1 to deduce a 
genera! equation connecting the prennre, volume, and temperature 
which will express the characteristic properties of any substance 
throughout the fluid state from the condition of a perfect gas to that 
of a liquid. In forming an equation which shall replace pi' = EG* the 
first consideration that percents itself is the manner in which the 
molecular attraction affects the pressure and volume of the mass. It 
is clear that the result of this attraction will be to increase the 
pressure Inside the mass or produce what is termed a capillary 
pressure tTf due to the surface layer, so that If the pressure on the 
walls of the enclosure h p r the pressure in the interior of the mass 
will ho p-77i whore s iconic function to be determined.* In the 
second place* when the 0120 of the molecules is taken Into account the 

1 Build na Traii^. tftJH, p* 33 ft) constructed the equation— 



in which ft ullL C a re conn La tits, Tltis equation closely resumbhs Iliac derived by 
Joule and Thomson (Phih TrtTni^ p. 57$ From tii-etr cXpcri raentn on th*- L 

change of temperature of * go* by expanaiou. flnbaeqimttly Rccknagel ( P&j p. Ann. 
Mrgbd. voL t, p. and voL exlv. f- i 3S . 3^71-72) formed the equation— 



which la the amine i u form as tat,it of Ratikiu*, the general function af it NkBg 
placed in the final term instead of l/£l a . 

Tils mutual aU roc Lion of the molecules eUmiuLshes the pressure OH the walla of 
the enclosure, for each molecule in passing through the turflOC layer in acted on by 
on attractive force directed towards the interior of the fuaaa by which its impact on 
the wall of the vessel is dlniinhhedr This capillary pressure Mrms to exist ill 
$SeiHiI in the form ofdoudj, and in tohftCCO .‘■moke, is from the 

at Bosscha, In wi t capillary tubfi'i clotuls ibow a niODUKUa Kike mercaiy, and are 
depressed i n the al mo way, 1C probably rLees into ini |*ortance fn the ease of highly - 
oom pressed gases and viipoiin iu?n,r tllS oaudenaing point, The smaller tficvollLlne 
the huger this internal pressure becomes* HQ that it nuy ulCimatelj equal or even 
exeaed the prase ura which the aiibstatjca would aacrt on tho wall* of tha res^el by 
the unobstructed motion of it* molcciilos if molecular attnclioo did not exist ;; 
when this limit it reached no esternil pressure will be necessary to keep tba sub¬ 
stance witllin tba cndoBUra j or, in other words* the gas has liquefied. Whether 
tbu OCcUfi or not depends oridontly on I lie magnitude? of hf compand with the 
kinetic energy of tho molecules, and if th* latter h hugs—that h* If the temperature 
La high—no possible diminution of volume will tender u ■nfficiantlj great, and the 
g|L* uoaiMt lie liquefied. In other words* the critical temjwniture bin Item passed. 
A liquid might, therefore, he drained m a. fluid aubtfoira in which the average 
kinetic energy of the molecules is utublc to 00 finlerbalance the internal or Capillary 
pressure caused by their mutual attraction. 


2 r 


482 


theory of heat 


chap- v 


volume? r becomes reduced by ioie quantity fa and the first step if? to 
replace the equation pr = R0 by the more general equation— 

Oh-wX* 


In this form the equation agrees with that constructed by Hint 1 in 
which ^ is the sum of the volumes of the molecules and tz the sum of 
the internal action*, or she internal pressure. In his further treat¬ 
ment of this equation, however, its which he seeks to determine the 
quantities m and fa he makes inferences which seem difficult to justify, 
and the results of which do not seem to agree with experiment. 

The most celebrated equation of this kind was developed by J. D, 
van der Wan Is in 187$. and in it the effects of the size and (ho 
inntUid attraction of the mot wales aie taken into account. This 
equation may be derived from ihc foregoing, from the consideration 
that she attraction between any two elements of (he mass is pro¬ 
portional to their product, and hence in a homogeneous fluid to the 
square of the density. At any given temperature,, therefore, the 
capillary pressure ^ will vary as the square of the density or inversely 
as the square of the volume. The quantity fa on the other hand, is 
the value of the volume at any given temperature when the pressure 
is infinite, or the least volume into which It is possible to compress 
the fluid- This, in the case of a system of particles in motion, has 
been taken as four times the sum of the volumes of the particles. 2 
lie noting this by fraud I ho quantity m by *t r% where 'r is- for the 
present considered as a constant, wo obtain the equation of Van der 
Waal*— 



t*-Vj** Bft. 


This equation gives isothermal curves agreeing closely wkh the earlier 
experiment* of Andrews an carbon dioxide, and Gjfllibiting n|so the 
characteristic differences of form above and below the critical tempera¬ 
ture. On comparison* however, with Inter experiments the equation 
has been found not to represent the facts sufficiently, and cannot be 
brought into accordance with them by altering the constants, Tait 
has pointed out that Van der WaaLfl’s equation does not hold for nny 
real liquid, 

This arise* from the limited considers lions on which the term or 2 

1 Him, Ths'ori* dt in tAaicur t 3nl edit,, tom. ii. + iiL 

* The quantity h in «illfd the co-volmiie T and j=i generally tour wit h?4 a* pro¬ 
portional in tiic h actually wen pled by the m^lcculef in m iniEt TCl&tno, #> that 
fr= jb* wbeni * is the Him* for nil gura. Van dvr Wuls finds t= A rtutn coiLHidelffl- 
tionn- 1 !& the theory prulrahility, and the mMb result Iliih been obtained in 

4 different way by Ualtnnann nml Jean* Dynn vnhal TWy of i7a^ pp. 

m ira}. 
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h lutroducofL The capillary pressure ~ will obviously be influenced 
by other circumstances beside change o f density. Van dcr Wsials 
assumed it as solf-cvidenE. l b at the mutnni attraction of the mo] ecru lea 
doe* not depend on the temperature, so that the quantity n is it 
function of tho volume only* and the molecular attraction remains 
unaltered when the substance i* heated at constant volume. This 
might be true if the motion of a molecule at different tens pern lures 
. differed only in the quantity of its mean kinetic energy but took place 
in all ocher respect* in exactly chc same way, ihe piths .md the ratio 
of it? velocities at different stages of the piths being exactly the 
sutne, Tn the ease of a perfect gas it may be ■t^umefd that every [wiir 
iif molecules separate immediately after col3irion, I ml when a gas is 
near its condensing point, i* may happen that rwo molecules may not 
separate after collision, but that the molecules may collect in little 
groups and oscillate about each other. The number of such groups 
will increase a* the temperature falls ; and consequently, if ibis 
happens, the mean strength of the mutual attraction, or the pressure 
function £7, will increase as the temperature falls. 

It would appear, therefore, that the quantity <r in the formula of 
Van dor W&alfl vary probably varies with the temperature. In its 
present form no universal or rigorous validity can be ascribed to it, and 
alt hough Yen dor Waate obtains it as the ultimate result of an elaborate 
and ingenious mathematical investigation, yet the assumptions intro¬ 
duced in the various stages of the work render the final aqua lion liiile 
more than a first approximation to the tru t h. The essay of Van dor 
Wauls is f nevertheless, a bold and promising attack on an exceedingly 
difficult problem. He starts 1 with the theorem of Clausius that in 
stationary morion the mean kinetic energy of a system is equal io the 
moan virial, or (p, 95) 

Ip* 

the final term representing the vtrial of the intermolecular force*. 
Ho i hea l assumes that the temperature of a substanee is measured bv 
the mean kinetic energy of the molecules, but although this may be 
true for gases, it may not hold for liquids, or vajtours near their con¬ 
densing points, or for highly compressed gases, Assuming, however, 
for the present, that ihe mean kinetic energy is proportional to the 
temperature, the virial equation becomes 

which shows l he deviation from Boyle’s law 1 when the virial exists. 

1 /h> Cvntinuiftif de» piMformiyen uvut jtfMvjcn Zuttawit*. The Mamcit- of 
Vnii der Wm*h lifts kerb ip to English by Kk hftnl Thru I fftl] and John f\ 

AiliiP, Phy$iatl Memairif Physical Socithj of London voL i part iti. 
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Experiment bus proved tbst in gases the product pc dLmmishtf> -it 
firsts and after a certain stage increases, whereas in vapours pr diminishes 
tip to the condensing point, and in the case of liquids /« increases 
rapidly, while r remains nearly constant, so that pr increases rapidly. 
The diminution of pc points to an increasing positive virial, and hence 
to an attractive- force r/^r) Ijo tween the molecules, The increase of pr 
would, on the other hand, point to a negative virial and, at first sight, 
a negative value of <ftV) T or an apparent repulsion between the molecules. * 
Before a mutual repulsion between the molecules is assumed, it should 
he inquired if this apparent repulsion entiM be explained by the 
motion and mutual impacts of the molecules, just as. the pressure of 
n giis on the walls of the enclosing vessel may he explained by the 
motion of the molecules without Assuming the substance to be s* lf 
repellent* This apparent molecular re puts ion at small volumes must 
Iw accounted for by the mutual impacts of the molecules, and in deal¬ 
ing with a system of moving Eiohnniles the complete characteristics oe 
the substance cannot be deduced by considering the impact* on the 
walls of the enclosure alone* The term depending on the mutual 
collisions of the molecules must also be extracted from the virial , 1 but 
until the nature of u collision ls fully understood the exact influence 
of this term cannot be ascertained. Van der Waaha assume* the 
molecules to lie elastic sphere# which attract each other when not in 
contact, and he considers the effect of the size of tb@ molecules in 
diminishing the length of the free and finds this effect, in the 

rase of a rarefied ga* + to be the same as if the volume of the enclosure 
had been diminished by four Lime* the sum of the volumes of the 
molecules. At a constant temperature the effect of the molecular 
attraction is to diminish the pressure on the walls of the enclosure 
hv a quantity varying as the square of the density so long aa the 
encounters take place, on the whole, between two molecule* at a time 
and not bet ween three or more. 

The failure of the equation of Van der Waals to sufficiently repre¬ 
sent the facte led Clausius 1 to construct an equation, which ap|>cared 
to him to retain all that was correct in previous formula-* and which 
also made allowance for the variation of molecular attraction with 
temperature, This equation gives the pressure m terms of the tempera- 
turc and volume in the form 

m c 

^ " t — a 

1 In tCTLsiUrrin^ ik Hlcrl of niOJranlnr alimctkffl cm iko fnrm of the Viri&l* it 
thftt the difference of ihu atcrmge kinetic tneigics of n free and in etiungled 
aaoh^uU iaflf BpBoW importincc in the phyhkm! b terpr&Ution of Iks virial 
i Clauaius, Jf*W- ^nn. voL ii* p. 3XT, 1SS0^ Phil, *W u^ mf June 
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where Ii 3 e, « p ft are constants. This equation, like that of Van dor 
Waal% gives a cubic for ?■ lor any given values of the temperature 
and pressure. As every cubic equation has either one or throe real 
roots, both these equations furnish either one or three real values of v 
for Liny given condition of temperature and pressure. The one real 


root applies to the g:u*sous con 
ditiun where n do Unite volume 

?$- 

Atm. 

- 

exists for every value of p and 

70- 



0 ■. Tiie three real roots apply 




to that region lit which for 

€S~ 



given values of p and 0 the 

ea- 



substance can oxi*t either 




wholly as a saturated vapour, 

5S- 


/ X 

or altogether as a liquid, or as 

50“ 


J 

iff 

a mixture of the two. The 



i 

i 

hitter volume does not cxiiU 



P 

ns a definite volume, but the 

4Q- 


, / 

root eorre^ponding to it is re 
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presented on the diagram (Fig. 

3$- 


, f 

1 52) by the \¥Qmi in which 
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isothermal suggested by James Thomson, 

The equation of Clausius embraces four constants! to be determined 
by comparison with the results of four experiments on the values of 
p and tr itt four different temperatures. The equation of \an der 
Waala, on the other hand, embraces only three constants, which can 
bo determined bv three experiments. Hence, if both Ins regarded 
merely as empiric formula, a greater range and more general agree- 
meat with experiment would be expected from the equation of 
Clausiua, 

In the case of carbon dioxide the values of the constant* deduced 
by Claiming were, using the kilogram me and metre ae unite 

R-i»!>73 p e-fi533 P a = 0‘W>42tt > JMHH04M. 

The tables calculated by this formula ahow in general a satisfactory p 
and in some cues a strikingly good accordance with the results of 
experiment. 

M. Surra u 1 has further shown that the formula of Clausius repre- 
1 StTTmo, Cfcmjitei Ifenrf itf, turn, xdVn pp + fl313 p H& r S45 p i$k2. 
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sente the results of Amsgat’s experiments very siit i^-factorlly m the 
case of hydrogen* nitrogen, And methane; but for carbonic acid and 
ethykne the range of accordance h much more limited. 

From the consideration of the curves representing the results of 
hie experiments M. Amagat 1 w m led to replace the term in the 
equation of Van dor Waal* by a general function of % bo that the 
eq nation tabes tho form 

This contains tho formula of Van dor Waato a* a particular ease, hut 
even in this more general form it fails to embrace the Saws of com¬ 
pressibility of both tho gaseous and liquid stales throughout. In order 
to express the compressibility of a substance by a formula which will 
apply both to the liquid and gaseous sLa*us, recourse must 1 >l; had to 
a more complicated type, such as 

O' + fife] £ r -^= R e> 

which merely introduces the consideration that the internal pressure n 
h a function of boLli volume and temperature. Of the foregoing, the 
formula of Clausius, which may he written in the form 

is a particular ease 

This equation was constructed by Clausius * to represent the experi¬ 
ments of Andrews on carbon dioxide, under the supposition that it 
would apply to other substances by changing the constants only, On 
trial* however, it was found that the equation, in this form, would not 
yield a satisfactory Agreement w ith the results obtained from experi¬ 
ments on other substances * and in order to meet this deficiency * 
Clausius changed the quantity r 0 in the final term of the equation 
(pu 484) into a general function of the temperature, and for this 
purprae bo first wrote the equation in the form 

P . 1 g 

R&~r~ n 

mid then replaced H0- ? by a general function 1 4 F of the temporalure 
which vanishes with the tetnirarature. The equation Ihitf becomes 

J1 = 1 __. * 

RB r-m + 


1 Anutgai, Ann, de rt d< tk$supiA T 5* per., nun. siviit, 

3 CUurinft, ^W, Jnn. vu\ r air* p, liSI ; Ann. dt Vkimit ti dt Ph# 

if* ■&., tour, p- issa. 
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This ei|u:iiion may of course be written in the form 

i± J_ 71 fr+/i 
KO = i'-fl S4>(r + 0F 

where 'l> a function of 0 which vanishes with 0, and which, on 
account of the introduction of the factor 

is in addition equal to unity at the critical temperature (see p. 491). 
[If wg write Chi.usiu&'s equation in the form 

c(r - a) 

Pi t- 

a nil neglect a and /S in the last term, which is small, we get 


fwul nubititute R0 /> for t in the last term, we have 


2 ">- a} - Kfl- |£p, 


or 




a moditicat ion of Clausius 1 * equation which has been used by Love and 
CalEcndar,] 

The form assumed by Clausius for the function 4? k 


l a 
*“e" 


and iince 4*<, - I, we have 

n = y r *(1+4> + 

so that the relation I peonies 

In the case of carbon dioskie n = 2 and b = 0, and the equation reduces 
to the well-known form 

Be c 

^' fl-a (Kc+tff*' 

Clausius has compared ibis formuln with the experiments of 
Negnault 1 on ether: from these he finds 

rt =r2*85, fr=OT6740, ■Dd«=lIB2ttL 


1 Bthui&n <}f* striata, tom. ii. ^ 3t»S ! «wl S^stch»Wi.ki {itribUiUtr, vol, iii. 
p. 74L IS7*). 
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The trible of .vapour pressures calculated by means of Lhe formula 
agrees very well with those obtained by experiment 

A comparison with Rtignault’e experiments on water gave 

<I = E210, J, * = 1*24 

The formula has been further compared by Professor G. F. FitzGerald * * 3 
with the more recent experiments of Ramsay and Young on alcohol^ 
and very fair agreement vu found. Constant- values of a and jCf did 
not, however, satisfy the observations accurately, for a varied from 
1 j 087 at O' d to 0'1S4 at -40 Thus a diminished with rise of 
temfjeratur^ and it was also found to increase with increased pressure. 
Notwithstanding this, the formula of Clausius gives an exceedingly 
accurate general re presentation of the more important changes of 
state . 5 

[Another form of the characteristic equation of a gas lias been 
proposed by C. I)ieterici. a DieteiM observes that if we calculate 
the value*! of the critical constants and B ( from Van der Waals’s 

equation (tee next article), and if we put r fl = liB r 'p tr so that % is the 
value of the critical volume derived from the equation of a perfect 
gas by substiluting the values of the other constants, then i- fr i * = 

£ — 2 674 Rut the value of r*/n # obtained for a considerable number 
of organic substances by using the observed values of the critical 
constants lies between 3 J G7 and <T9$ P so that Van dor Waa!s f s 
equation gives too small a value. By an argument based partly on 
the hinetic theory, Dicterici arrives at the formula 

n 

HU " H#r 

* m i^r 

At) equation which, like Van dcr Waalss. contains only two arbitrary 
constant*, and from which the value 3'6i)5 is obtained for c„ i F 
This equation agrees with Van der W; min’s to the firwt order of small 
quantities, for if we put 

= 1+ ^pS*PP ros ’ 

* G, F, FitzGerald, JW. JSoc. tqL xlii. p. SIS, 1£&3\ 

5 M. SiiTBU (CompU* ifrtufw*, tatn. cL fi. Sm1 B employe th * eipoiHititiid 
fijfni i|j j. ed the for mi ilia of CI&UsIuji, and Ml B&ttcl.] i can) rite equation in tb-v 
tum gene 1:41 farm 

_ HU aO— - Ml— 

v-* * 

3 U'uxL Ann. fiP T p. ASS, 1S«1 
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we get 

a 

ja (v-* }^ Hr - O" *5 = K ®f 

which is Van tier Wsuils’i equation, Dieter ic is equation seems to 
accord with the experimental facts over a wider range than \ an dor 
W dais's equation.] 

240. The Critical Constants—The critical coast&TiU, or the [pres 
sure, volume, and temperature at the critical point, may bo easily 
obtained in terms of the constants which appear in the equation of 
Van tier TVauLl Writing this equation fts a cubic in v f thus 

pr* - {fcp + l 3 -i i7r t»£i = 0 r 

then at the critical point the three roots' of this equation are equal p 
and hence the critical constants are determined by the equations 

r<?p r = iib. 

From the two last of these it follows at once, by <livioion t that 




Hence 

u 



and 





In this manner Van der W**k, having determined the constants a and 
h from Rognaultfs experimente oti the compressibility of carbonic acid, 
found for this substance 0, = S2°*5 C., the dose agreement of which 
with the ex peri mental result of Andrews is remarkably 

Talcing one atmosphere as unit pressure, and the volume occupied 
by the ga£ at storo ceuligrade and one atmosphere pressure as unit 
volume, the values of the constant* were 

^73K = 1 j 00046, u^O'OO&jM, b~ 0^0023. 

Treating the equation of Clausum <p r 404) in the same manner, we 
find the critical constants determiued by the equations 

ap^pa+E&-ft0p ....... 05 

^ - 2 ^tK jm 4 ae) + e . * ■ . - i a J 

— ft. -r pa + R0) - - i * * i®3 

Substituting in the second the value of p* + R£* found from the first, 
viz. p(3v + 2f}) § wo obtain 

m 


3pBi[t + £)* = c . 
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and hi liking the Esime substitution in (ft) we obtain 

^ 20 * i r - 2^ ' r + ^i- 

Now aquation (4) may be written in the form 

aj, ”0(r+0#> r 

Hentfl at once by the original equation we have 

. m 

■ * ■ 

Now (4) and (5) give sit once 

*±*3b+2P. 

sind hence by unlit ipliciitioii of (6) and ( 7 } we find 


(« 


(« 


(T) 


Hence 


Hr 


1111 '-* remit* njijr nlnn h* eiuily olmii iu-iI hy expreasm# tin! ut the erftiwi! puint 


>{?_ 


h hd Ilian 


iiv 

4\ * 




-o. 


Applying t\m niKlife! To lln i-jimT|DTi 


i 


Hh P-B 

wiipm + {■*n fsnscii oij Qit fi F wc Live from 

d>_ 


«■ 


=s 0 


ihr i:qtuition 
while 

gi™ 


l a 

(• ■)* 

^F. 


-fir 


= rt 


6 


Ur-nJ- *(**0)* 

Dividing (1) by (2) we oblate at cikmi tlin HirkicaE v&luiita 

t^s + 20, 

ftad flubitittUin^ thi* vulur of r in (1 ) «r {2) w* find 
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0> 


ffl 




L ^) p 
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which,, tahxtitutid ill, tilt original uipmti&tt With f ei yie-lcia 

P* . 1 

RW, &y 

The above value of s-bows Vrliy it h nww&ftary lo wfm the equation in thi form 

p 1 H i7 (a + \ 

RO ~P - ^ 

if it be iwirtti to hare ■$ a function of 0, which equal* unity at the critical tem- 
jrcrmtux*. 

247. Corresponding Stales.—A deduction of V an dor AV aals & i rom 
his collation concerns what may lie termed corresponding sf&t&s of 
matter. If the pressure, vo!nine p anil temperature of a substance be 
expressed as multiples of I heir critical valuer— that is* if we write 

J’ = V*p v=j«v. t=^ 

then any other substance wit I be in a corresponding s-iaie when its 
pressure;, volume, and temperature are the saino multiples A^ fa v of 
their critical values. Substituting in the equation 

and replacing jv* r fl 0 C by their values in terms of u, Fs B* we bnve 

an equation in which everything depending on the nature of the sub- 
stance has disappeared], and which should apply to all substam.cs p just 
m pr — B0 applies to all perfect gases. Hence if procures, volumes, 
and temperatures be expressed in terms of tbeir critical values, the 
i so the minis becoiuo I he an me tor al I a u bstanocH- 

At the time when Van der Winds published his work sufficient 
trxperimental data were not available to tost the accuracy" of these 
deductions, and since that lime they have Vieeti subject to much criti¬ 
cism, both favourable ami adverse. 8 From the recent experiment* of 
Dr. £* Young, 5 it appear that the cDimlusiohs of Van der Weals arc 
very approximately true for the halogen derivatives of benzene^ or at 
least that these suhstaiicw show very much smaller deviations than the 
others examined. The law* therefore, seems to he not quite, but very 
nearly, true for these substances i but in the case of the other sub- 
Alices examined the majority of the generalisations were either only 
roughly true ^r eke altogether departed from, 

s A (lisausH-ion tliid m|anticm. La wliuh Ixml lUyldgfc* Professor P. CL Tmit, 
.\w] Fr^fi 'S^t Kurli-wyg tools |-.»rt r api^red faAftiEuri, vok xU'.. -mil ilv. b 3 ?9l-92. 
- s. Young, Phil. Aftr tqL xxxiii. 153, l$9st 
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Examplt 

1. Employing I>r»Y r ti equation 

^“a w 0 (l + O 

deduce the fijuiuiohs i*-f Van dcr YFatthi and (L'litusiui. 

If wi} replace n by it u L -tp) r which «spread that hi i|«r«Ha imh the pr^UTt 
increases, afid if we HUjujjoae c ;md t se small tlut their sqDim may be we 

bin 

P/{1 ~ + and */( 1 + *\ - r - e j 


and hrnee 

IP h^.« V F-4:)=:^a 

Kcjilaclng jip- by the approximate Value and writing R_^jn hl we have 

■5 

( P +^)(.-fl)=ste, 


which IK Van det WauU'e i-i ^ 11 n t l> • n. 

If. however, we nlso take amount qf Lhc variation* nT lempt-'raturo ntid write 

■—( ,: S)' 

the formula become?. 

(p-r^'Jir f)=R0. 

nnd B-H JJ ill*-* nnt vary exactly as ibe invert- uf r y it may 1m- taken more approx i- 
match' a* the interne of r r *r Pb am] obtain 

which is the equation of ClaunicuL 

Finally, if lire writ* k - n,| 1 *j« "j.nr nhtmb fits forma La of M_ Katmil- 

to i 
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radiation and absorption 

SECTION I 


UKNHKAL THEORETICAL OONHIPERATIOHX 

248. Propagation of Heat. — There are three methods commonly 
recognised by which heat may propagated or conveyed from one 
place to another. The first of these is that which we arc about to 
consider at present . and is termed facial ton, It is by this method that 
heat and light reach us from the sun, or from a lamp or lire, and 
during the period of transit the heat is spoken of as radiant heat, or 
simply as radiation, this term embracing light us well as heal. I hifi 
method of propagation is distinguished from the other two, known ns 
convection and conduction, in which thu transfer of heat is effected 
wholly or largely by the agency of matter. In the former the heat in 
carried from place lo place by* the matter with which it is associated, 
so that the flow of heat depends altogether on the motion of matter. 
It is by this method that heat U conveyed through buildings heated 
by hot-water pipes, and it is chiefly in this way that uniformity of 
temperature is established in unequally heated fluids. 

The process of conduction, oti the other hand, does not depend on 
any visible motion of matter. It is by this method that temperature 
equilibrium is established in sol tils, and that heat passes from the 
warmer to the colder parts of the same solid. Thus if one cud of an 
iron bar bo placed in a furnace, and the other in a vessel of ice, a flow 
of heat will take place along the bar from llie furnace to the ice ; and 
if radiation from the sides of the bar bo prevented its far as possible, 
the rale at which the Ico melts will afford a rough measure of the 
flow of heat, along the bar. This method of conveying heat from one 
place to another is usually attributed to molecular action or propags- 
tion bv contact, the warmer molecule*, heating I ho eoldcr by contact 
or otherwise. Tills process, however, will be considered in fuller 
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detail in the next chapter; at present we shall confine our attention 
to the process of radiation which does not appear to tie pend in any 
way on the presence of matter, bur which takes place through the 
best vacua, and through interstellar spaces, and is further distinguished 
from the comparatively slow processes of convection and conduction 
by advancing with the enormous velocity of 300,000,000 metres per 
second. 

In approaching the study of such a subject as the nature of 
radiant heat, and the process by which it is emitted and propagated 
through space, the most philosophic method of procedure is to 
determine as far ;ls possible the laws which govern its propagation 
through different media, eis well as its ji wssage from one medium to 
another, before any hypothesis is framed as to the nature of the 
emission or the mechanism by which it is propagated. TJm& t without 
any hypothesis, the laws of its rejection and refraction, and the 
manner in which its intensity varies with the distance from the source, 
may be examined and determined. Whatever the mechanism may bo 
by which radiant heat is emitted and prof legated, we have the most 
complete experimental evidence that i be process is precisely the same 
as that employed in the propagation of light, and any evidence which 
can be adduced in favour of the supposition that light is a wave 
motion propagated through a medium can also be stated with regard 
to radiant heat. Radiation in this sense consists essentially in the 
propagation of a wave motion through the ether, What is propagated 
and radiated in all cases is energy, and all phenomena connected with 
it are to bo explained as the consequences of the interchange of onargv 
between the seller and matter, and it ir, purely m the recipients or 
donors of such that wi: ourselves become sensible of heat and cold. 

249. On the Formation of a Theory,— The phenomena of radiant 
heat and light having heon proved to be subject to the same laws of 
reflection, refraction, polarisation, and interference—in faui r the two 
being reducible to, And merely different effects of, the mmc physical 
agency— a definite hypothesis is framed, and the investigntiuuproceeds 
from the direct study of the phenomena to ihe elaboration of a com 
nected theory which accounts bn- the facte, and exhibits their sequence 
and relations* The existence of atoms and molecules of matter is 
first admitted, and a medium is then assumed in which they vibrate 
and generate waves, or a periodic disturbance of some sort, travelling 
with the enormous velocity of 300,009,000 metre® per second. In 
this manner a mental picture is formed of the unknown process by 
which energy m omitted by n body and propagated through theatre® 
around it— a picture which has proved of enormous advantage in 
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grapplm^ with the investigation of the phenomena, but which 
miLv t nr may not, have a sifniliiu.de to the processes actually in 
action. 

In forming such a picture, or in fruining any hypothesis as to the 
mode of propagation of radiant heat and light, we fall hack upon 
analogous phenomena which wo can thoroughly examine, and with the 
ideas formed in the study of the latter, we approach the investigation 
of the former. We thus proceed to the interpretation of the unknown 
processes in terms of well-conceived analogies derived from the known. 
The ideas bv which we picture and conceive of the pro]wigstiou of heat 
and light arc derived from the study of the phenomena of sound* A 
sounding body is the source of an influence which is radiated from it 
in all directions through the surrounding medium with a definite 
velocity. When this phenomenon ia examined, it is found that the 
sounding body is in rapid vibration, and that these vibrations arc 
communicated to the air, that sound waves are thus generated in She 
air which spread out from the vibrating body and break upon the ear, 
causing the impression which we call Bound. Here the v ibruting body 
is recognised the source of an inthieiico which is radiated from ii in 
all directions with a definite velocity, and which causes a certain 
impression on one of our organs of sense. 11 ith the knowledge thus 
gained, we proceed to tin- explanation of the phenomena of heat and 
light, and make the very promising and attractive assumption that 
they too are due to wave motion propagated through a hyjiothetical 
medium named the ether. 

In this ease, however, as the nature of the medium is entirely 
unknown, as well as the exact character of the waves, we consider 
it prudent in the present state of knowledge to stop at this stage of 
the hypothesis, and we hesitate 10 ascribe any particular type or 
character to the vibrations and wave motion. In one roajy-ct, how¬ 
ever. the study of light seems to restrict the character of these wans, 
ft appears from the consideration of certain phenomena that they 
cannot bo propagated by longitudinal vibrations, as in the case of 
sound, or ai least that such vibrations do not play an essential part in 
the production of light or vision. With this one restriction, we make 
no further hypothesis, except for particular purposes of explanation 
;iTU ] illustration- We have distinct evidence that the propagation ia 
that of a periodic disturbance or u periodic change of some projxjrty 
of a medium ; but beyond this no other assumption is warranted by 
the facts, except for the purposes of working out some particular 
theory, and the extra assumptions thus introduced should be clearly 
laid down as the hypotheses on which the theory is built, and these 
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are justified only in m far as all the deductions following from the 
theory arc substantiated by direct appeal to experiment, 

250. Dynamical Analogy. Let Uh now consider ihe radiation 
and absorption of sound, in order that we may approach the analogous 
phenomena of light and heat with a distinct mental picture which will 
be exceedingly convenient and fruitful, but which at any stage may 
he modified or entirely discarded when it is found to be misleading or 
inconsistent with the new' facts, last us suppose that we have two 
mounted tuning-forks of the same pitch placed in air and at a distance 
from each other. H one of the forks is set in vibration, the waves 
which it radiates through the air fall upon the other, and set it also 
in vibration,, because they are of the same period as those waves which 
it would ilself emit when sounding. Thus, while one is losing energy 
the other i» gaining it, or as we might put it with reference to the other 
radiation, while one I* growing colder the other is growing warmer. 
That the second fork absorbs the radiation emitted by the first may 
l>e distinctly placed in evidence by stopping the vibration of the first* 
in which case the sound emitted by the second can be distinctly heard* 
although at tho beginning of the experiment it was silent. It has 
consequently been set in vibration by tho waves emitted by the other 
fork. Here, then, we have a distinct case of radiation and absorption 
of sound, the essential L-ondition for absorption being that the pitch 
of the absorbing fork should be the same 21 $ that of the emitting. 
This single principle permeates the whole science of radiation and 
absorption and Is embraced in the general statement, that a body 
absorbs waves which are of the same period as those which it emits 
when it is itself in vibration. 

In order to apply this idea more comprehensively to the case of 
radiant heat and light, it is necessity to take into account, the supposed 
molecular structure of matter. We must, from this point of view, 
not merely regard a radialitig body ns analogous to a single tuning- 
fork, but rather as st swarm of tuning-forks, each molecule correspond¬ 
ing to a fork in vibration* and emitting waves peculiar to itself. If 
the forks of such a swarm be relatively fixed aud not eniuEigled, the 
waves radiated from the system will depend only on the periods of 
free vibration of the forks ; but if the forks be not relatively fixed, but 
have motions of translation amongst each other, such as hies been ascribed 
to the molecule* of a fluid* ihe waves radiated will be in tine need both 
by the motion of the fork* sad by their mutual collision*, the pitch of 
those forks which are moving at any instant towards the observer 
will be somewhat raised, while that of those which are moving away 
from the observer will lie lowered. For this reason, if the forks are 
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all identical and possess the same free period, the Bound emitted by 
the moving system will not be a pure tone, of a single wave-length, 
but will consist rather of a group of waves lying within certain limits 
determined by the velocity of motion of the forks, some of the waves 
being longer and soma shorter than that emitted by a single fork m 
rest, It is in this manlier that the finite width of the spectral linos 
of an incaudesccnt gas has heen explained,' Instead of having a line 
representing a single wave-length of light, we are presented w ith " ell- 
defined narrow bands arising from the broadening of the lines already 
referred to bv the motions of translation of the molecules of the 
radiating substance. The same motion promotes the absorption of 
groups of waves rather than of waves of a single period, so that the 
absorption bands are also of finite width. 

If now the radiation from such a system of vibrating forks falls 
upon another system in silence, any waves which arc of the same 
period as those peculiar to the second system will bo absorbed by it, 
and the forks of this system will lie set in vibration. This absorption 
will continue till an equilibrium is established between the rate at 
which the energy is aljsorbed and emitted by the second system. I his 
corresponds exac tly to the method by which a cold body is supposed to 
become warmed in the presence of a hot one. The temperature of one 
falls by radiation, while tbit of the other rises by absorption until an 
equilibrium is established between the radiation and absorption of 
each. From this point of view every body at a stationary tempera¬ 
ture must bo regarded as radiating energy at a constant rate ; blit 
since the temperature remains stationary, it must lie regarded ns also 
absorbing energy at the same rate, so that, on the whole, the loss by 
radiation' is exactly compensated by absorption from other source*. 
The equilibrium here attained is not one of rest but rather one of 
activity, such as exist* between a liquid and its saturated vapour in a 
closed space when the stage is reached at whieb as many molecule* 
return to the liquid per second as are projected from its surface. 
In thi* case too there i* an equilibrium ; but there is also constant 
evaporation balanced by an equal condensation, and matters remain 
as if the equilibrium wore one of death rather than one of active 
life. 

It may he remarked here that a large swarm of similar tuning 
forks, such as we have just considered, would be highly opaque 
to a note or sound wave of the same period as themselves, for 
they rapidly absorb such a wave, and it would be almost com¬ 
pletely used up before it bad penetrated far into the system. 

I Ser (be *utbor'» Theory of Light. 
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In Ekimlogy to this it wm discovered by iJa h Kochc, and 
abundantly confirmed by .Mdloni rind others, that when radiant boat 
ia passed through one screen the transmitted beam is almost com¬ 
pletely tr ansmit ted by another screen of the same material, and it has 
alw Ijeen established that all substances are highly opaque to their 
own radiation. 

251. The Theory of Exeh&nge^—The foregoing considerations 
prepare ns to grant that each body whose molecules are in vibration is 
n source of radiation in the flthar, and that the amount of radiation 
thrown off in this manner by any body depends only on the nature and 
tempera Hire of the body itself. Returning again, to the system of vibrat¬ 
ing timing-forks, we may admit that the sound-realEatioii from each fork 
take? place independently of all the others* Each fork is in vibration, 
and must be regarded ns the centre of a system of waves as if all the 
others were at rest. The rate at which miy fork parti with its energy 
may be, however, considerably modified. Thus if two or more of 
the forks happen to be of the same pitch, each will absorb part of the 
energy emit toil by the other and will thus recruit its stock, so that 
the energy lost per second by any fork will now be only the difference 
between thru radiated through its own vibration and that absorbed 
from the others, W hen these two iKiris are equal the energy of the 
fork remains constant ; but still we regard it radii ting at a constant 
rate, while it absorbs at the same rate, and it is in this sense that the 
radiation of any body at any temperature is said to tie equal to its 
absorption at the same temperature. 

In this manner we aro Id to believe that the equilibrium of tem¬ 
perature which ultimately becomes establish*! among n system of 
bod,C8 CORtoini “ 1 “• a '» «<<clo*ure impervious to heat, and which coo- 
taiiu* no source of beat, is attained trot merely by the wanner bodies 
radiating to the colder, but by a mutual process of radiation and 
absorption, all the bodies being supposed to radiate simultaneously 
each to an amount depending on its constitution, surface-condition 
ami temperature, further, when ibe equilibrium of temperature is 
once attained, the proems of radiation is not supposed to cease hut 
to continue as actively as Wore, equilibrium being maintained by 
s i mil Itft i) uu us radia non atid absorption. 

trout Jin- point of view there is a continual interchange of energy 
l^wect the Wires within the enclosure, while at the same time the 
energy of each remains constant. Before equilibrium is reached the 
hotter Wires radiate more than they absorb, while the colder absorb 
more than they radiate; the quantity which each radiate, per second 
at any stage is, however, independent of whether its temperature 
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h»|jptui$ to be rising or falling, iiiul is supposed to be determined by 
the nature and temperature 1 of t be body . 

This view was introduced by Provost - of Geneva in 1792, when 
endeavouring to explain the supposed radiation of cold* 11 According 
to Provost’* Hne of thought any body h not merely regarded as 
radiating heat when its temperature k falling, or absorbing beat when 
Us temperature is rising. What it is wished to express is that 
both processes are continually and simultaneously going on, the 
radiation depending only on the body itself* while the absorption 
depends or* the nature of the body itself us well as on the condition 
of neighbouring bodies 

In order to illustrate this point let ns consider the case oF a 
thermometer suspended in a warm room at a steady temperature. 
In thin case all the bodies in the room are radiating heat, part 
of which is absorbed by the thermometer, and if the temperature 
of the thermometer is stationary, tho quantity of heat absorbed 
by it k balanced by an equal radiation* If now a cold body be 
brought into the room el ml placed in the vicinity of the thermo¬ 
meter* this body will screen the thermometer from some of the radia¬ 
tion which previously fell upon it, and will not Itself radiate an equal 
supply. The total radiation received by the thermometer will conse¬ 
quently to diminished, Tho equilibrium which previously existed 
will thus be broken, and the temperature of the thermometer will fall 
to that point at which its* emission is precisely equal to ite absorption 
under the new circuinsbonces. This is a cause of what wan designated 
as the radiation of cold. It illustrates bow equilibrium is reached and 
maintained* not merely by the warmer bodies radiating and the colder 
absorbing, but rather by the mutual process of simultaneous emission 
ami absorption. 

it nbo illustrates how largely the indication* of a thermometer 
depend on the nature of the radiation of the hod lea around it ns well 
as on, the temperature of the medium in which it is immersed. The 
ludicat ion cjf & thermometer may differ very much from she tempera- 
tore of the air at the point where it is suspended. If the wares 
emitted by any neighbouring body are such as the thermometer can 
absorb, it will be influenced by them in a corresponding degree j buE if 
they arc such us it does not absorb— that is* if they are dissimilar to 

3 On Hits point m* PhiL May., October ISfll, y, lifil, Art liar &hiut«r* 

- FM*oh^ Aur t'^uiUltc da jfru F Oensve, 1702 ; Iht rtr/origuc mvonnmL Gen 

law. 

* Tilt sxpurimeut UIuutruLiii^ Hib reflation of cold was r»>viT«J by Pictet, but 
™ originally made form? unitllfka before by I'h'iiqdiu, muE the Acitdt-rutcii dji del 
Oiiucutu.—yDung’s* Ltftufis, p, 4!H>. 
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those which it uniita, then they will be without influence on the indi 
cations of the instrument, Whether a thermometer detects ft .certain 
class of wave# or not depend# on die nature of the mate rial, thus if (lie 
thermometric substance iJjsi>rlM only waved of u certain length* then it 
will respond only to the*: waves, and although it may be traversed by 
copious radiation of other wave-lengths, ii# indication might still be 
the same. The indication of a thermometer in thus determined by 
the resultant effect uf all the various waves which influence it. 

The indication of a thermometer is foil ml to In: nltiiihntely the 
same in all parts of an enclosure impervious to heat, and whiob con¬ 
tains no source of heal : and it is in this statistical sense that we assert 
that nil parts of, and all object# in, such an enclosure ultimately cornu 
to the same temperature. The indication of the thermometer ii inde¬ 
pendent of the shape or material of t lie walls of the enclosure, and if 
the bulb be coated with lamp-black* or ftilver-foil, or any other sub¬ 
stance, the temperature recorded will remain the same. N r ow p of the 
whole radiation frilling upon the thermometer in such a case, part is 
absorbed and pari is reflected either regularly or irregularly. The 
reflected part when the bulb is silvered is enormously greater than 
when it is coated with lamp-black, and conscrpicmly the absorbed 
portion must be so much less in the former case than in the latter. 
But since the temperature of the thermometer is the same whatever it 
bo coated with, it follows that the heat absorbed by it when coated 
with any substance must be exactly the same as that emitted, and 
hence the emission of any substance at any temperature must 1>e 
exactly orpial to its absorption at the same temperature. If we com 
tine our attention to a body A„ then when tlic How of heat takes place 
from the surrounding apace B into A, we say that A is absorbing heat 
from B ; but if ihe flow takes place from A to B, we say that A is 
radiating, or, if we like r that B is absorbing heat from A. The direc 
tion of the flow, then* determines whether we say that a body is emit 
ling or absorbing heat, mid the assertion of the equality of the emitting 
and absorbing powers assume that for the *ime infimteaimjd difference 
of temperature the flow will I* the same whether It takes place from 
A to B or from B to A, across the surface of separation, 1 

252. Emlssivity or Surface Conductivity .—It was established by 
Sir John Leslie, by his researches in radiant heat, that some substances 
emit heat under the same conditions much more copiously than others. 
For this reason it is customary io speak of the emisamty or emissive 
power of a substance or of the surface of a Inirly. The radiating 

* [The turiu* emiisfvfl amt ftWrbieu power* mtt hj»c I in 1 iM mn x m 
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body employed by Leslie was a cubical vessel of block-tin, tilled with 
Lot water, the aides of which could be coated with any substance 
whose amiss ivity it was desired to study. This vessel is known us 
Leslie's cube. It is constructed ±o that it may be rotated round a 
vertical axis, and any face can be brought into action when desired. 
If the cube be filled with hot water, and if one side be coated with a 
thin sheet of gold T another with polished sih'Cr* a third with copper, 
and the fourth with varnish* it is found, when these faces are allowed 
to radiate in aucc&^ion against the face of u thermopile or other 
delicate radiometer, that the faces coated with the metals radiate only 
very feebly; but when the varnished face is turned towards the pile* 
the indication of the instrument shows that the radiation from MiL 
face is very copious. The jiolished metals are consequently much les^ 
efficient aa radiators than the varnish. It is for this reason that hot 
liquids contained in polished metal vc&sels retain their heat much 
longer than when the surface is unpolished. The reflection at the 
surface increases with the polish, and thin whether the radiation l* 
passing from the inside outwards or from the outside inwards. The 
polished surface is a got m 3 reflector, and therefore a pour radiator. 

Without adopting atiy hypothesis ns to the process by which 
radiation occurs, or u* to I he nature of heat or the structure of 
matter, the surface mksirity of a body may be defined as measured by 
the quantity of heat which the body loses per unit surface per unit 
time under given conditions—such, for example, as when us tempera¬ 
ture is 1 C, higher than that of the enclosure in which it is situated, 
and when the air in this enclosure is at a definite preamp or entirely 
removed. This definition does not involve reference to the radiation 
of any other body, nor does it involve any hypothesis as to the taw 
of variation of emissivity with temperature, but leaves its dependence 
on temperature and other circumstances to l>e determined by direct 
experiment. 

This quantity is also termed the surface wWrrrfm'ty, and sometimes 
the rsletml Mtulvtfirity, as distinguished from the internal conductivity 
or property by which heat is conveyed through solids from places 
of higher to place.H of lower temperature. In practice all we can 
deter mine is the rate fit which a body loses heat when cooling under 
given conditions, iso that the so-called coefficients of emission which 
have been as yet determined are only rough measurements involving 
what might be termed the emissivity proper of the substance as well 
as the internal conductivity of the material and other quantities 
depending on the nature of the enclosure. 
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COOLING 

2h3. Empirical Laws of Cooling. When ti hot body ksuspended 
in t he air it is cosily determined that the coding proceeds by two 
vary dklinct processes which net simultaneously* One of these is 
the radiation already considered, which takes place equally in all 
directions, md the other arises in the convection and conduction of 
the air surrounding the body- The air in immediate eon taut with the 
body becomes heated and rises through the colder and denser air 
above. In this manner nu ascending current of nir is established 
around the body, and fresh supplies are cun tumidly brought into con* 
tact with it beneath* which become heated in turn, anti rising carry 
off part of its heat. This is the process termed convection, and the 
amount of heat carried oif in this manner w ill depend on the pressure 
and nature of the air or grts in which the body mav 1>e immersed. 
The rate of cooling wiU consequently 1>e determined by the sum of 
two functions, one of which represents the loss of heat by radiation, 
and the other that lost by the convection and conduction of the sur¬ 
rounding medium. 

For the sake of simplicity we shall first consider the ease of a 
body suspended in an enclosure which h free from air or other gas, 
so that ihe cooling takes place by radiation to the walls of the en¬ 
closure alone. If the temperature of the body be the heat lost per 
second by radiation will he some function of the temperature 9; and 
if the walls of the enclosure be maintained at some temperature#^ 
then by the considerations reviewed in the last section a mutual 
process of rad int ion and absorption takes place lie tween the body and 
the walk of the enclosure. The heat absorbed per second by the 
body will bo a function of the temperature # 0 of the walls of the 
enclosure, and this quantity will be the same as that which would 
be radiated by the body at fl 1)t for at this temperature there would 
be equilibrium of temperature between the body and the end osu re. 
Hence, if/(#) denotes the heat lost per second by radiation when the 
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foody is at the tempers tarn &, the same function will represent the heat 
gained by absorption when in an enclosure Jit the same tempenitUTe* 
since by the theory of exchanges the radiation at any Scinperutnrc is 
equal to fcho absorption at the same temperature. Hence, if J{ft) 
represents the rate of loss by radiation, /(0 a ) will represent the rate of 
gain by absorption/ ami their difference 

/W-JW 

will determine the rate of cooling of the body, 

Newton seems to have been the first to con eider the la w of cooling 
of a body subject to any coos Lint cooling action—such, for example, ns 
the inHueneo of a uniform current of air. Iei such cosh he supposed 
that the rate of cooling was proportional to the excess of the tempera- 
tu.ro of the body above that of rhe medium in which it was immersed. 
This admission amounts to assuming/{9) = Aft + 11 in the foregoing 
expression, or if the temperature be measured from the absolute zero, 
then B Q> anil the juvnimptiem is that the total radiation of a body 
is proportional to its absolute temperature. In dm case wo have 
for the rate of cooling— 

r r * ** 

or since the rate of cooling is ~ -^ t 
w e may writ* 

5 —*-^ 

where E is a coefficient depending on the nature of the body and its 
surface condition. This formula has been found to represent the 
facts fairly well for small differences of tempera Hire, and may Iks used 
to determine the radiation correction in such experiments aa ordinarily 
occur in calorimetry, where the ex cuss of ft over never exceeds a 
few degree* centigrade. For differences exceeding 40 or 50 J C. 5 
thin law was found even by such early experimenters ae Martino/ 
Krafts Ifichnuum, Led to, and Dalton to deviate seriously from the 
truth when temperature is measured in the ordinary way by a 
mercurial thermometer, rind Dalton for this reason proposed a new scale 
of temperature, according to which the law of Newton would be exact. 

in consequence of these discrepancies Dalong and Petit under¬ 
took an elaborate series of experiments on the cooling of thermometers 
in an enclosure maintained at a constant temperature, and which 
could be either exhausted or filled with a gas at any pressure desired. 
From the result* of these experiments they were led to propose the 


* Thiii ii tlm aHumaptlea. 
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formula A«. f 4 B for the rate of radiation of a surface at tempera¬ 
ture 0. In thia formula 6 may he taken as the absolute temperature 
if deihred, us the effect is only to alter the value of the coefficient A. 
If the absolute temperature be chosen, then the radiation will !>o zero 
whim and wo shall have B= A. By the same reasoning as 
lief ore it will follow that the absorption from the walls of the en¬ 
closure at will be Aa* 0 f B, so that the rate of cooling will fee 

or 

^ q H 

In the same memoir L Dulong and Petit have investigated the rate 
of cooling under the simultaneous action of radiation and convection, 
and have represented it by an empirical formula of a highly artificial 
character. The term representing the loss by radiation being I he 
saiae as that given above, while Shat which represent* the loss by 
convection and conduction depends on the pressure of the gas, being 
jointly proportional to a power of the pressure varying with the nature 
of the gra and a power of the temperature excess which is the same 
for all gases. The formula of Dulong and Petit seems to apply with 
considerable accuracy through n much wider range of temperature 
difference than that of Newton. Wo ah all consequently review' the 
experiments by which they were led to the law T which bear* their 
name. 

Dui»st; Atm Petit 1 ** Kxi kkuien i s 

254* Principles of the Heseareh.—In their classical investiga¬ 
tions of the laws of cooling; MM. Dulong and Petit operated entirely 
by observing tfee rate of cooling of large liquid in-gkas thermometers 
under various conditions In studying the influence of the nature of 
the surface uti the rate of cooling the advantage of using a liquid which 
is a good conductor is twofold. In the first place, when the tempera¬ 
ture of the outside layer falls, convection currents are set up which 
equalise the temperature of the mass, and the greater the conductivity 
of the liquid the more rapidly will this equality be attained. For 
Hub reason the temperature of a good conducting liquid like mercury 
will be approximately the same throughout, and the rate of cooling 
will depend chiefly on the nature of the surface of the bulb, and this 
van be varied at pleasure. 

The thermometers employed by Dulong and Petit in this research 

1 Daloug aIilI Petit* Ann, r If. fflintile dt Ph^nqw, 2* -tfr. d tom, tiL pp. 225 
aid 337, 1817. 
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were constructed sifter the fashion represented in Fig. 15^ Each 
wa~s provided with a large bulb E and a wide stem CD joined together 
by a tube DE of capillary bare, which 
prevented convection currents passing 
between the liquid in the bulb and that 
in the at cm. In making an experiment 
the bulb alone was heated, while the 
stem was screened N so as to be always as 
nearly os possible at the temperature of 
the air, and on account of the width of 
the upper port [oik of the stein, (he bulb, 
even though large, ton hi he heated if 
necessary almost to the boiling point of 
mercury* lim ing the process of cooling, 
the cold mercury from the stem enter* 
the bulb anti lowers the temperature of 
the mass within the bulb, so that the 
apparent, velocity of cooling is rendered 
too high. Hence all observations had 
to be corrected for this inequality of 
tens pemturc. fw. iml 

The main object of the inquiry was 
to determine the velocity of cooling of any body under given con¬ 
ditions as a function of the tempwaturk Thus, if the rate of cooling 
be expressed by the equation 



da 

*li 


=m * 


a) 


the object is to determine the form of the function the temperature 
of the enclosure being given. From an experimental point of view, 
however, it is easier to express the temperature of the body at any 
time as a fo net Ion of the Lime. Thus, if we have 

&=&*) * (a) 

then by differentiating (3) and comparing with (l), we see that 


or the velocity of cooling i* the first derived of the function ■/*. 

In order to determine this function Didong and Petit, having 
heated the thermometer, placed it under the conditions in which ih 
cooling was to be studied, and they observed its tempera lures 


at the tiroes 


^SJr ^3* ■ ' 1 
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Vrom these otaervalioRH tlaey concluded that the temperature at any 

time could not be found by the simple formula of Newton, but by 

the more general expression 

&=9tf ,*±+i*s + (S} 

whore is the cxreaa of the temperature of the thermometer over that 
of the enclosure at the. time ?, she excess Jit tho beginning of the 
experiment, f = 0 t and ti, r X , j3 lire constants which can he detrr mined 
by knowledge of any three valuer of H at the corresponding time?. 
Different biting (3) wo have 

" = . <*> 

and by eliminating f between (3) and ( J) the velocity of cooling is 
determined as u function of the temperature excess tt. 

In order to diminish the tiniL 1 of-iibsorvatiou in this investigation 
i wo Thermo meters wen 1 us-uiL The larger, having a bulb of 6 cm, 
iliametrr, wllh tint'd at high temjieratureB, and the smaller, with a bulb 
of ^ ceil diameter, was employed for the lower temperatures, the 
o!tscrcntions with the smaller being commenced at a temperature 
somewhat above that at which those with the larger were stopped, 
255, Preliminary Expert men ls*—T he various circumstance* 
which may influence the rate of coolitig of a thermometer placed in a 
vacuum are, the form and extent of the surface of the bulb as well as 
its nature or coefficient of emission, the total mass and nature of the 
liquid enclwed in the bulb, and finally The temperature 6 t of the 
enclosure, as well as the excess 0-6^ of the thermometer. If, 
however* the thermometer l« suspended in a gas, the rate of cooling 
will he influenced by the conduction and convection of the gas. In 
this ease, then, tho whole velocity of cooling will be the mm of two 
functions, one of which determines the cooling by radiation to the 
walls of the enclosure, and the other the cooling action of the gas. 
The latter will bo influenced by all the circumstances mentioned 
above* and in addition by tire nature and pressure of the gas r Besides 
this, lbe rate of cooling will dr [tend on the magnitude and shape of the 
enclosure, a* well as upon the future of its walls, and the rate of cool¬ 
ing for one species of radiation muv, in a given enclosure, bo very 
different from that for another. These considerations have not-, how¬ 
ever, been investigated by Dukmgand Petit. 

Writing the total velocity of cooling in the form 

WtM. N. a, E, e* ff-tfiJ+fCM, X, S, E* ^ j> P 
where M and N refer to the mass and nature of the liquid respectively, 
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& the urea of the surface of the bulb, and E h* coefficient uf emkrioiit 
the temperature of the enclosure, iin.fl # that of the thermometer, 
jm the pressure anti U the nature of the gas, Ihilong and Petit pro¬ 
ceeded by some pie]iininury experiments its air to test how far the 
rate of cooling was influenced by the mass M anil nature N of the 
liquid, ansi by the surface S of the bulb. By taking theimomfitarH 
whose bulbs were of different sixes in one series of experiments, of 
different shapes (spherical arid cylindrical) in another series, and 
filled with different liquids in ;* third series, they found that for 
equal excesses of temperature the rates of cooling bear constant 
ratios to each other. 

These ex pc rim cuts show that the total rate of cooling may be 
expressed a* the sum of two functions, one a function of E f H 
and the other a function of these quantities, a* well as of p and G, 
both of ihe ^ 1 functions being also millliplied by the same quantity A, 
which y itself a function of the ma** and nature of the liquid, and of 
(he surface S of the bulb, The expnwiou for ihe rate of cooling 
thus becomes simplified into the following form:-— 

V - A/{ tv, 0, Ur & - + ArfE, tf - flip JB. G). 

The remaining variables do not submit to the same simplification, 
i’lius if the quantity ft, which depends on the nature of the surface uf 
the bulb, be nuule to vary (if, for example, two bulb* be investigated, 
one of glass and the other of ^omt 1 metal), then it is fun rid that when 
both are filled with the same liquid the rates of cooling do not bear 
a constant ratio for the same excess of temperature. From this wo 
conclude that it is no longer sufficient to multiply the two functions/ 
and 4 by the same factor to express the influence of a change in the 
nature 1 of the surface. Analogous results wefie found for the other 
variables. 

These preliminary investigations terminate with a table exhibiting 
the rate of cooling of water in three differently shaped bulbs uf bloch- 
tiu. The first was spherical, the second a cylinder of diameter equal 
to half ii s height, and the third a cylinder of height equal to half fu 
diameter* 

256* Experiments In a Vacuum — Determination of the 
Function/* — In the general expression for the rule <*f cooling the 
function ^ expresses the cooling effect yf the g-m within the enclosure, 
and CQuRoquentlv if the enclosure be exhausted so that the thermo 
meter cools in a vacuum, the function ^ disappears from the expres¬ 
sion for V, and we have dimply 

V^A/iE. ^ *-*.}♦ 
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The observations under these condition* will therefore lead to 
the determination of (he function /, It must be remembered, 

however, that we know nothing a a yet of 
the properties of any space totally devoid 
of matter, ull that bus ever been obtained 
ja a part ml vacuum. 

The apparatus employed in these ex> 
pediments consisted of a large copjier globe 
(Fig. 154) about 30 em + in diameter, and 
blackened on the inside. This globe formed 
the cooling chamber or enclosure in which 
the cooling of the thermometer was ob- 
served- It was immersed in a large water 
bath which could be kept at any desired 
temperature by meatas of a regulated 
current of iteajn. The dimensions of the 
thermometer were previousSv calculated, so 
I hat observations on its tooling could be 
commenced at about 300 C. The ther¬ 
mometer, when heated to about 350*, was 
placed with its bulb at the centre of the 
enclosure, which was then rapidly ex¬ 
hausted, and (he rate of cooling noted. 
A small correction was still necessary for 
the cooling effect of the residue of an left 
in the cooling chamber* the exhaustion being seldom pushed beyond 
3 or 4 rant The rates of cooling, Y r etc.* were observed* eorre- 
sponding to the temperature* Q\ 20 e * 40 , GO". and 80 at which 
the chamber was kept. 

When the quantities Y v Y ;1 etc,, at the different temperatures of 
the enclosure walla were compared, it was found that the ratios Y t V r |T 
V. l V.,, etc,* were approxiinatcly the *une (l-IB) for all values of the 


F \ k - l.W- 


excess. 

Hence, if we consider the influence of the temperature 0 Q of the 
chamber* wb see that the rates of cooling for the *ume excels £1 - 0 1( 
with different values of ^ viz, Q* w 20", 40 . GO * increasing in arith 
metical progression* are such that the ratio* Y, Y, Y., Y Jf Y^ arc 
equal to each other T and we consequently conclude that, for the same 
excess of temperature* if the temperature of ifc rhamber l« hicrtitsed in an 
iirithndiml profiffmou, the reforitti of i-Wortf mil in ft tponvetrkal 

pra$T€&$iML 

It follow*,! therefore, that the velocity of cooling for a given excess 
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cars fc)*! represented in the funis 

V = Aa* 

where A is a function of the excess Denoting thi?t excels by ^ 

for brevity, we have 

. - - . - * {1} 


In order to determine the ijonsiant >«■ it w only necessary so observe 
two rates of cooling, Y p and ^ Nt-JJ corresponding to the same excess, 
with different values of 6# In the above table we have for and 
& Q + 20 ° 


Therefore 


n = (l'ie)i l *=l-M?6, 


Now by the theory of exchanges the velocity of cooling must be 


of the form 


v=/w-M)p 


11oucn by the above experiments w e bave T using equation (l) 

< 2 ) 

From this we obtain, by writ sag - 0 while the excess pj remains 
the same, 

...... [3J 


Therefore, by subtracting (jj from (2), we have 

jb* <u -fM -jw 

Interchanging yj and (f lt the left-hand side of this equation remains 
unaltered. Therefore the right-hand member must also remain un¬ 
altered in value when ij and are interchanged, or 

ih 


That is 


or 


m = *m 

a* 1 


= *. 




where £ is the above function of & Q . 

The general expression fur the velocity of cooling becomes therefore 

V = toPla* -1J»4(* 1 - 

When the observed value* of V were compared with their 
corresponding values calculated by this formula, the rioee agree¬ 
ment exhibited showed that the equation is capable of represent¬ 
ing the facts with considerable accuracy. On the whole, however. 
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it cannot be rcgurdti.! having any ^ound theoretical busi-s but 
must be lookud upon merely as. an empirical formula of wider range 
than XewtonV Its simplicity might lead ns to fancy that it could be 
obtained theoretically, but until we posses* more information about 
the mechanism of amission we have no ground on which to base a 
theory* 

To terminate their vacuum exporfmentg, Didong and PaLit observed 
the effect of varying the surface of the thermometer bulb- They 
found I hat the rate of cooling when the surface wa* naked ditfereEl 
from that when it was coated with silver-foil or any other substance. 
The quantity *r was found, however,, to remain unaltered, so that it 
does not depend on the surface Cfmis»ivity t or on the nuis* or nature 
of tht! liquid, and the coeffihktit Jt alone was found io vary with the 
mil lire of the surface. 

257. Experiments in a Closed Chamber containing a Gas.—A 
merles of experiments on the cooling of a then no me ter in a vacuum 
having been com pie ted, a further series on the cooling of the stunt 
thermometer in the same chamber when occupied by a gas will furnish 
the data necessary to the calculation of the cooking influence of die 
gas. In this case we have already written the general expression for 
the velocity of cooling in the form 

T- A/O; ff* 4 Id. 

and since the first term of the left-hand member qf this equation 
represents the cooling in a vacuum, it may be replaced by the quantity 
k(a* - >t^) T and if Lhc velocity V be observed we have then for tf> 

The first point investigated by Du long acid Petit 1 was the influence 
of the nature of the surface of the bulb on the cooling function *h of 
the gits. Having determined the rate of cooling in a vacuum when 
the bulb was naked, and also when it was silvered, they repeated the 
same experiment;* in air ami other gases, and the results showed that 
the cooling power of the ga,n did not depend on the nature of the 
surface ; or, lit other words, the coefficient E of the surface does not 
enter into the function ^ 

This result appears to have been first remarked in a general way 
by Sir T Leslie, and is a fact of great importance in the study of the 
conductivity of gases. 

The influence of the temperature of the enclosure on the cool¬ 
ing i»wer of the gas vem next examined. The pressure being kept 
constantly at 720 mnt, the temperature of the enclosure was brought 
1 Jut*, dr VfiimU €l dt fkytifur, a* toiiq r vii. |m 33^ ISI7. 
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successively to 20°, 40 h p 60' t 80 \ with the result that the cooling 
e ffect of the air for a gi ven exces* was found to be the An me for nil 
values of 6^ 

As a result of these experiments, it appears that the tooling 
function depends only on the excess of tempernture *p 

and in a maimer yet to be determined on the pressure p ami nature G 

of the gas, so that Et may now be written in the form ^( 7 j P p, G). In 

order to determine the in Hue nee of variations of pressure, Dlj long ami 
fttil experimented in air at a series of pr^um, 72Q n 3G0 P I80 r 90 
nun-? decreasing in a geometrical progression. The results of the*o 
experiments show that for any given excess the cooling effect of a 
given gas increases in a geometrical progression of ratio I 3CG when 
the pressure increase in a geometrical progression of raiEo 2, 

It thus appears that when the pressure p is related to the pressure 
P by the equation 

p-W .(i) 

the: corresponding cooling powers ^ and o' of the air arc related by 
[he equation 

(S«) 

From (1) and it follows at once that 


ami therefore 


loff(o^ r i 






or denoting the value of this ratio by p s we have for the general 
relation between the cooling power of air ami the pressure 

Bt— 

The equation connecting the codling power and pressure of any gas 
nmy therefore: be written in the form 


B =&* 


where p is a function of the excess of temperature and of the nature 
of the gaa. The index r is different for the different gases examined 
by Dtilong and l h etat„ as follows : — 

Mr - c = 04S Hydrogen . * . -c^O'58 

Carbuhia acid . . c=G J al7 Olpftant . . , *-0 L G01 

The inHuonoe of the excess of temperature still remains to be 
examined. From a comparison of the cooling powers corresponding 
to different values of the excess &- & m but the same value of p t it 
appears that as the excels increases in a geometrical progression ol 
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rutio 2* the cooling power increases in a geometrical progression of 
ratio 2-33, and hence* if 

ivc have for a constant pressure 


er = (2'33)*o'. 


Therefore 
and consequently 


fcgftj?) 


£l _ c' 

^■fu" ; ' •'•:■ 


Dfnoting the common value of cacli of thew ratios by «i t we have 
for the relation between the cooling ]wwer of air and the execs* of 
temperature tj the equation 

^ = Jflifl -23 

The experiments further prove that while iho coefficient m is different 
for different gases, the index 1233 remains Ibo same for all* so that 
the complete expression for the cooling power of any gas may be 
written in the form 

3TT i- WIJl* i & - 

and hence the whole velocity of cooling in a gas is determined by the 


equation 

V =JE 7{a* - a* 6 } + mp*{0 - ^ 

Siich is the general expression to which the experiments of Dulong 
iind Petit have led. The first term relates to the radiation alone* 
while the second deals with the cooling effect of the ambient gas. 
The whole, how ever* must be regarded simply as an empirical formula 
founded on one of the most elaborate series of experiments ever 
conducted. 

258. Experiments of He la Provostaye and Desains.— The range 
of applicability of the formula of Dulong and Petit has been made 
the subject of a careful investigation by MSI, De ]a Frovoftlaye and 
Dcsain^ 1 The result of the new researches proved that the formula 
could Ihs applied only writhin a limited range* like ail other empirical 
formula^ in the neighbourhood of the experiments from which the 
various constant* happened to lie determined. Thus the quantity £ 
was found to be only approximately constant* Its value varied little 
with a nakod-bidbed thermometer, but with a silvered bulb it changed 
from 0 0087 at I5Q : C, to O'OlGO at 63 C, The constant m was 
alao found to depend to some extent on the croiasmty E* being 


1 y_ U PfptoiUjfd ti F, Demius, <U Cl*wiw *t rf* Fhtfwfu*, 

t. itii. p. 357, I34fl. 
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greater for ji metallic surface than for the naked glass* But pcrh»p« 
the most important result of the investigation was that the coo]mg 
|*>wer nr of the gas was found not to be proportional to a power of the 
pressure f/O when this pressure wan feeble, The experiments api^ur 
to show that as the pressure diminished from 760 mm. f the value of ttt 
decreased at first, and then remained constant from a value f\ to a 
value p* of the pressure, after which ft augmented with reduction of 
pressure. These limiting pressure p % and p f were further found to 
l>e more elevated and more widely separated the smaller the dimen 
sions of the enclosure. This behaviour \$ to be attributed to the 
effect of the diminution of pressure and of the nullities of the 
chamber on the convection currents. Under these circumstances the 
cool mg effect due to convection wilt be almost entirely eliminated, 
and the cooling due to the gas takes place entirely by molecular 
convection. 


Emis&ivzty in Absolute Mkasl'hk 

259, W Fariane's Experiments. — The first trustworthy frsjiuri- 
ments p yielding emissivities in absolute measure, were thu&e made by 
Dr, Donald M l Farlaue 1 in Glasgow, under the direction of Lord 
Kelvin. The method adopted consisted in observing the cooling of a 
copper sphere about 4 chl in diameter. This sphere was jms]touf1cd 
inside a double-walled tin-plate vessel, which had its interior coated 
with lamp-black and the space between its walls titled with water at 
the temperature of the atmosphere. Its temperature was taken by 
mean* *jf a thermo-electric couple one junction of which was simated 
at the centre of the sphere, and the other junction was in metallic 
contact with the outside of the (inplate vessel, the circuit being 
completed through the coil of a sensitive mirror galvanometer. One 
junction was thus kepi at a constant temperature of about 14 C M 
while the other hud the grndimlly-diniinbhing temperature of the 
centre of the sphere. 

In making an experiment the copper ball was heated in the Same 
of a epirk-Sfiiup till its temperature considerably above that 
required to throw the spot of light off the galvanometer scale. It was 
then placed in position within the tin-plate water jacket, and sis soon 
as the spot of light came within range, the defections from the xoro 
position were noted at intervals of one minute until the change of 
deflection w«s reduced to about two scale divisions per minute. 

Two series of experiments were made in this way* In the first the 

1 l>. MTarkne, Pro c J£oy + Soe + vq\, xx. p. M, 12171- 
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surface of the bnll was bright, and in the second if was coated with a 
tliin covering of soot from a lamp fining ami in both the air was kept 
moist by a saucer of water placed inside the enclosure. The heat 
emitted per second was calculated Hy the formula K} - F ■ fc0+eff% 
where & is the difference of temperature. 

The couple was standardised bv Lying its ends to the bulbs of two 
previously compared thermometers, placed in two vessels of water, one 
*t the temperature of flic air and the other heated by small additions 
of hoi water. The results show that for llH differences of tempera¬ 
tures the rates of emission of heat in the two cases are nearly in a 
-constant ratio. 

260. Roitomley's Experiments,—The same subject was also 
attacked by hr, J. T- BottoutleyJ In this investigation the radiating 
body whs a platinum wire stretched inside a long copper tube which 
was blackened on the inside and kept cool by a water jacket. The 
wire was heated by an electric current, and it& surface might be 
bright and polished or might be eoruudi with lamp-black, platinum- 
black, oxide of copper, or sonic other material. 

Two method it -if estimating the electric energy were employed. 
One consisted in measuring the current and the differente of (Kitentiid 
between two chosen points on the radiating wire; the other consisted 
in measuring the current and determining simultaneously the redst- 
aiireof the wire by means of a specially 4eeigued 'VVheatst4ne l B bridge. 
The resistance when known gives the temperature of the wire. The 
energy supplied to the wire by the electric current Is lost through 
radiation and by conduction at it? ends, hut the latter source of loss 
is negligible, and when thy dimensions of the wire are known the ares 
of its Hurfaco is known, and the rate of loss of heat per unit area 
becomes determined at any temperature. 

In order to obtain data for the elimination of the cooling effect of 
the air, the copper tube was connected with n Jive-fall Sprengel pump, 
$0 that the air pressure could lie reduced, and in the extreme vacuum 
it was measured by a M'Leod's gauge. 

A lung and very complete series of de terminations was made in 
this manner at various constant pressures and *1 different gradually 
increasing (enajieratujrcs. Several series uf observations were also 
taken at constant temperature while the pressure was gradually 
di mis dished. This mock of procedure proved by far the most ap¬ 
propriate to the purpose in hand, ami required the use of a special 
current-meter. On reducing the pressure it wag found that a point 
was reached at which further exhaustion did nor affect the emission. 

1 S r T- Bottom ley. Phil, Tram,, 1S£7, p. 429. 
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In this way ri condition ^eems to he gradually reached in which the 
radiation h independent of everything removable by zi Sprcngal pump. 

The temperature of the envelope being 15" C,. the value of the 
eiius&ion per square can ti metro of a bright platinum wire was in 
water-gramme-centigrade units— 

At4es-a ars-axio-A 

„ floyc. . 72 $ i >c 10 - J _ 

Dr. Hot tom ley considers that these exjHinnients do not support 
the fourth power law of Stefan (Art, 275) .and that a similar series 
of experiments by Scldaiertnacher 1 contradicts this law in the same 
manner. 

Some interesting results obtained by Mr. Kvan- £ as to the energy FaWi **, 
necessary to maintain a given candle-power in an incandescent lamp 
wore confirmed during this investigation. The object of Evans's 
experimentfl waa to compare the radiation of the carbon filaments of 
incandescent lamps having a bright polished surface with that from 
those having a dull surface like lamp-black, and ho mi* led to an 
important practical conclusion as to the superior light-giving efficiency 
of the bright-looking litaments. li it be allowed that the u-mperatiire 
of a carbon filament can be measured by it* resistance (this diminishing 
as the temperature increases), it follows from Evans s results that the 
temperature to which si filament must bo raised, in order that it may 
furnish light of a definite candle- jhjwof, is higher when the surface ift 
dull than when it is in the brilliant metallic-looking state, This 
result was so unexpected that Bottom Icy put it to the test of direct 
experiment. The result confirmed she conclusion* derived from the 
experiments of Evans, and showed that the temperature which pro¬ 
duces red-heat (for example) is very much higher when the surface 
of the heated body is dull than when it is bright and polished. Thus 
in the wise of two platinum wires contained in vacuum tulles, one wire 
being bright and the other dulled with a thin film of smoke* when at 
the same dull red-heat the glass tube which contained the bright wire 
was not unpleasantly warm to rhe hand, while that containing the 
other wire was hot enough to blister the skill- The ratio of the 
resistances of the wires in this state was as 1 m M : 93, so that their 
difference of tem^niture must have been considerable, 11 

1 Subbtuuiisclier* WVd. Aml roh srxvL p. 237 K IgtiS, [Sfrfaa.H W U only 
true for thft radiation within a closed »Jhwb at unilann tein^-raULrn. These com. 
it it ions iftn: mt beifr fulfil tfrk J 

9 y\ Emits* /Vat. Iiatj, Svc-, to], xl, p. Lh>7, 1880. 

* Sir W, Crooks (Prve m fay. £■*:. voL *iL p, 239 r 1881) hi* given * Faltiftbl* 
rompAmlite dfUerniinitiuu of the Jons of best From the same surface (the bulb of a 
mBRtuy-ia-glui diortnuinrUr) at dtlltr?nL prumre^ varying ftum one atmosphere 
down to twouiiillionthfl of an atmosphere. f 1 
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Diathermancy of Solids and Liquids 

261 . Me! Ion i fc s Ex perImtints*—Subs t a aces like gl ?m wbich trai i e nut 
light ate said to be transparent, and in a similar manner those 
which permit radiant heat to pa** through them are *md to be dia- 
thevmanous. At first sight it might be surmised that those bodies 
which most freely transmit ligh* also moat copiously transmit the non* 
luminous rays, such as the radiation from hot-water pipes, and that 
substances which are opaque to light are also opaque to radiant heat ; 
but a little consideration will prepare my one possessing a knowledge 
of the fundamental principles of the wave theory to expect that 
different substances may behave very differently in thetr transmission 
of non-luminous radiation* The marked difference of behaviour in 
the transmission of light is detected at once by the eye h and may be 
more closely studied by an examination of the spectrum of the trans¬ 
mit ted light. Thus blue glass and sulphate of copper transmit only 
the blue end of the spectrum, and red gla*3 intercepts this end and 
transmits only the red j and the striking feature of these eases is the 
powerful effect of an almost infinitesimal amount of colouring mailer 
on the transmission of light, 

A solution of permanganate of potash intercepts the middle portion 
of the spectrum and transmits both ends, ihe mixture of red and blue 
giving rise to the gorgeous colour of the solution. Various substances 
are thus proved to possess what Is termed selective absorption as 
regards the waves of light, singling out certain waves for destruction, 
while they permit others to pass, Ilcncc if the nondilluinous radia¬ 
tion, like the luminous, In? n wave motion in iho ether, we arc prepared 
to find that transparency to light docs not necessarily imply trans¬ 
parency to radiant heat, and that a substance which u opaque to light 
may freely transmit non-lumlnous, radiation, and further, that a sub¬ 
stance which is transparent to the radiation from one source may tie 
practically qpaque to that of another. 
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When light and radiant heat were considered to be es&entially 
dtfforont p however, this yiow was not so easily entertained. Those 
who espoused the calorie theory found it very difficult to admit that 
heat could be tmosmittod through any substance in the same manner 
as thov conceived light to be, AH cases in which heat appeared to 
be m transmitted were explained by supposing that the heat was first 
absorbed by the substance, and afterwards radiated by it when it 
became hot. That heat can be transmitted almost instantaneously 
like light seeme to have been discordant with the ideas of the 
udorists, and the point waa combated by them For some time after 
the conclusive experiments of I>e la Roche and Molloni. 

The transmission of heat and the property of selective absorption 
by bodies for the dark rays was first established by De la Roche, who 
concluded from this that radiant heal consists of a mixture of different 
rays, or, as we should now soy p a multitude of waves of different 
lengthe, just an white light is a mixture of different waves or 
differently coloured rays. 

The work of De la Roche wjis subsequently confirmed by the 
elaborate researches of Mellon! 1 with the thermopile. 1 he method 
of analysis adopted may he briefly described as follows. The source 
of heat was placed at one side of a screen provided with an aperture, 
and the thermopile was placed at the other, so that the radiation, 
after passing through the aperture, fell upon it either unobstructed 
or alter passing through a thin plate of the material under examina¬ 
tion. In this manner Melloni found that rock-salt was exceedingly 
diat hcrmaiLous, transmitting over 90 per cent of the incident radia- 
tion, whereas plates of alum and pure water of the same thickness 
scarcely transmitted the tenth part of the radiation from a bmp flame, 
and an inappreciable amount of the radiation from low temperature 
sources, such as a blackened copper ball heated to 390 C., or a 
Leslie's cube** 

» Mclk.nl, Aim. de Chimi* r.l de Fkysiqu** 'J? toffl. till. p. & t 1833 r And tom. Iv + 

- Rode silt iranKiiii Lfl a very Luge percent*^ of the iwttftti'm from all thu 
where** nlotii trnbstnifci, ■cv^rdiug I* ilnConi, only tho liiniLBon* raj* (tlii*, how¬ 
ever, in nut quite flwmCt). Hvul-c it, U Mrilani thi rock sdl tTAUnm\U 

ull t he radinUon, the ditfrramsa l*t wcvii the qUihlllitfl trwwmltted by A. piste of ™k- 
umlt auJ a $U,U of 4 3uni should give the value of the objure radiation *» CORkpar^l 
with the luminous Tented in thU way MsLtani found the Following proportion* lor 
tho thnH? HOiirucn employed _ 

gfjmrt. LumlrMHt*. Olwcuw. 
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The results of experiments with four different sources of beat 
are contained in the following table, which exhibit* not only the 
difference of diathermancy of different substances for the radiation 
from the same source, but also the difference of behaviour of the same 
substance toward* the radiation from different sources, Tile lumbers 
represent the percentages of the incident radiation transmitted by the 
various substances. l'onr sources of heat were employed: (1) a 
Locate! li lamp without a glass chimney ; (?) a platinum spiral heated 
to incandescence in the flume of a spirit-lamp ; (3) a copper plate 
heated to nearly 400 C. by a spirit-lamp; (t) a thin copper vessel 
blackened on the outside and filled with toiling water. 
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2 
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0 
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15 

0 

0 
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This table above how different substances differ in diathermancy, 
and it also shows that, with a single exeejrtion, the diathermancy of 
each substance varies with the nature of the source of heat. Iioch 
salt alone appears to be equally transparent to the radiation from all 
sources. Mellon! supposed this substance to he perfectly transparent 
to nil kinds of radiation, and that the 8 per cent deficit in the fore¬ 
going table arose from reflection at the surface* of the plate and not 
from absorption in the interior. More recent experiments, however, 
by MM. Proven taye and Desains have proved that rock-salt does 
exhibit selective absorption, and Balfour Stewart demonstrated that 
it is particularly opaque tu the radiation from a heated piece of the 
sjinic aubataince. 

In the ease of liquids the diathermancy was examined by enclosing 
them in a glass cell with parallel faces. The source of heat was an 
Argaud lamp furnished with a glass chimney, so that in considering 
the results of the following table it must be remembered that the 
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diathermancy of the liquid in fur tins radiation of the lamp in qtie^tEoin. 
after posing through gfamt— 


Ti|ii IJ», UUflfiir>.H iimi. 


lUya femntmJtir'J 

\n M-rem * * 


100 

Mirror [mm thick nuns ah liquid) , 
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IS 
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Acetic add (recSafiud,, calender) . 
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. 12 
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11 


This table shows that pure water ia exceedingly opaque to radiant 
beat, and that the solution of a salt in ir increases rather than 
diminishes its. diathermancy. The position of a solution of alum is Alum cell, 
worthy of remark in this reapert, for it seems to have been very 
generally supposed that tin* solution is practically opaque to non- 
luminous heat. The above table shows that Mdloin found il more 
diathermangus than pure water, and this condtidon lias been verified 
by Mr, ShelfonJ Bidweli 1 The ordinary supposition may perhaps 
have arisen from the fact that a plate of alum is highly opaque to 
thermal radiation (but not so much so as sugar candy or ice), and 
it may have been inferred that its solution would also be highly 
opaque. 

The diathermancy of any body to radiation which has already %mng. 
passed through another wa* also examined by Me I Ion i. Some of the 
results are cod tamed in the following table. It apjrcnrs that any 
substance is particularly transparent to radiation which ha> already 
been sifted by it plate of that substance, Thus a plate of alum which 
only transmitted 9 per cent of the heat from a naked lamp transmit ted 
90 per cent of that which had already pissed a plate of this material 
Thu Kiiue remark applies to the other substances, m that all arc 
capable of sifting heat in slidl & manner that a second plate will 
transmit a large portion of the heat which ho* already ]massed through 
a plate of the same material. Tlii* of course is what wo should 
expect theoretically, for when the radiation passes through a plate of 
any substance the emergent beam consists chiefly” of those waves 
which the substance freely transmits, and this will lie almost entirely 
transmit led by a second plate of the same substance. 

1 Brit . Auoc > Aepvri , p» JS0&, 1 S$6. 
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Example of nthcmiAtioiiA combination b arc also contained in the 
table, just as red and green glaaa together make a cuiubi nation opaque 
to light. Thus ray h which have panned through alum are very feebly 
iranBinitteii by black mica or black glass. 
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262 . Influence of the Temperature of the Source.— It. was for 
some time supposed that the transmissibility of heat through die- 
t h erm anrms substances augmented w ith the temperature of the source; 
Knoblauch " was the first to prove that this is net the case, but that 
the passage of radiant heat through any substance is determined alone 
>iy the nature of the substance. He showed in these researches that 
the heat emitted by an alcohol Same was more absorbed by certain 
substances than the heat emitted by a platinum wire placed in the 
Hume, and he argued that the temperature of the flame cannot be 
lower than that of the spiral. Thus a plate of transparent glass 
placed between the incandescent platinum spiral and the thermopile 
transmitted a greater percentage of the radiation than when the source 
of beat was the flame alow, without the spiral. This showed that 
the heat from the spiral, or source of lower temperature, was best 
transmitted, and this result was after wards verified by Meiloni. 

Transparent glass allows the luminous or shorter waves to pass 
freely through it, but it is highly opaque to the longer, or ultra red- 
wares, that is to the obscure or non luminous radiation. Reference 
to the foregoing tables shows that a plate of gla«s 0 f the kind 
employed by Mellon!, and only onc-teutb of an inch thick, intercepts 
1 ***"*• *** A **‘ »«; *wl Taylw‘« ScUmttfc Memoir* 
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ill I the radiation from a source at 100 C. P and transmits only 6 per 
cent of the heal omitted by a source at 400" C. It is for this reason 
that a gloss plate is often used as a fire-screen, Now the radiation 
from the flame of a spirtujanap is nearly all uonduiu morns, but when 
ji platinum spiral is plunged in the Home the luminosity U largely 
increased. The spiral becomes jncMidescent* absorbing the non- 
luminous waves of the flame, and emitting in return a copious supply 
of the shorter luminous waves. In this manner the percentage of 
waves which are easily transmitted by glass, is increased, and the 
presence of the spiral augments the triinBini&eibility of the radiation. 
Thus Mellon! found that a glass plate transmitted 4I J 2 [tor cent of 
the radiation From the flame alone, and 52'8- |fer cent of that from 
the flame arid spiral. A plate of se!eElite transmitted in the same 
way 4'4 per cent from the flame* and 19'5 from the spire!. 

In the case of substances which nre opaque to the waves of higher 
rcfrnngibitity p the presence of the spiral would be expected to produce 
an opjjosiia efleet and reduce the transmiftsibility* for in this case the 
action of the spiral is to increase that portion of the radiation which 
is not transmitted by the substance. Thij? wnsalio verified by Melloid. 
Thus for black glass he found a transmission of 52'6 jrtsr cent from the 
flame, and only 42'8 from the spiral h arid for black mica a transmission 
of 62 8 from the flame, And 58*5 from the spiral 

% DI At H ERMANCY OF IUhES A Ml VAFOUEy 

263 + Tyndall's Experiments, The first successful experiments 
on the transmission of radiant heat through gases were made by 
Professor Tyndall at the Royal Institution in ISM. Previous to that 
date no exporimentor bad been able to defect any absorption of radiant 
beat by gaseous matter, and it was generally supposed that matter in 
the gaseous state transmitted perfectly all kinds of radiation. In 
approaching this investigation, either of two distinct methods of a Hack 
may be adopted: (1) the thermopile and the source of heat may be 
both placed in the chamber containing the under consideration ; or 
(2) either or both may be situated outside the space enclosing the gas. 
The first method has lieeii employed by Magnus and others, and will 
he considered later on. It is subject, ns Tyndall 1 pointed out, to 

1 Provioua to tbs work of Tyndall, tov doul't, many vxptfiinn'Uterft had ih- 
v.-siu^AE ^4 the net ten &F air upon radiant h**t ; other*'E sm? the conviction that air 
porf«tly train™ it t^d radiant heat muM nn| have Lotoellb undtflwlp but that 
all ether gaaes were aupp-O^d to Im*IiaV<* in & liki- manner p»V*^ that ^pcrimeMs 
on tb&m eoald Hsaraly bav* bun MTiaUiJy Btiempud. 

Dr. FnifiE of Berlin {fryth ^4nr*. \qI SPIT. p. 34a) with n i*nwtivfi themiOjiilr 
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•urrors arising from convection currents and conduction of heat, and 
for ihis rejiM.in Tyndall adopted the second mode of experiment. 

In making a preliminary experiment by this method, utube akuiE 
4 feet long and fi inches in diameter wm fitted air-tight with rock-salt 
plates at the ends and furnished wdth two stopcocks, so that it could 
l)e exhausted or tilled with air or uov other gas. The source of heat 
wns placed opposite one end t arid the thermopile faced the other, so 
that the radiation, after traversing the tube, fell upon it and produced 
jl deflection of the galvanometer needle,. The tube was first exhausted 
aiuj the deflection of the galvanometer noted when the radiation fell 
u^Km the pile after traversing the empty space. Pure dry air was 
then admitted, and the deflection was found to remain unaltered, so 
that the radiation seemed to be transmitted as freely through the air 
115 trough a vacuum. The firat inference is that either air does not 
absorb radiant heat at all, or else to such a small extent that this 
mode of experiment fails to detect it. Or it might happen that rock- 
*ult and air absorb the same kind of rays, and that the radiation, 
after passing through the first plate of salt, is to sifted that no waves 
of the particular kind absorbed by air remain 

Rock-salt was chosen to dose the ends of the tube* because il 
in by far the most diathermanous substance w r e know of. It i$ not 
paiticolarly pecesaary to have a transparent substance, for gases, 
we know, freely transmit the luminous waves, and if they possess 
any marked absorbing power, it must bo for waves below the red or 
beyond the violet. The essential thing then is to stop the ends of 
the tube with plates of some substance which freely transmits the 
longer wav® below the red, and rock-salt i» the best vet found for 
thie purpose, 

Tyndall, however, did not rest satisfied with this negative reply to 
his inquiry, lie wng fully convinced that air probably did absorb 
Mine of the radiant heat, but such a small fraction that the apparatus 
failed to detect it. He consequently exercised his ingenuity to render 
the apparatus more and more delicate, that even the very feeblest 
absorption might be fully placed in evidence. This required a strong 
source of heat, so that a small fraction of it might not be infinitesimal. 


M *7 dry «r in. S.foet tut* tf 3*4 «r «nt: 

but th, s was attributed hy Tyndall i„ ih, tint F™>* employed -]. M plats, to 
c on® w un of t he tu *p t and glia* largely ftb*nrb* ifrc 

tLon-lmitinom radiation 

** rn ' «*» hiM to the pile. Ill tills situation 

‘ ‘! H - V *1 inl0tLe tah ° H ~P ! % lewrw lh, t.,n,Him t d» 

I hi '' fn V' *"* «■***>*», » that the total 

“ tu th. Jrflo » reduced j« u |r the rwreiaed a , r(le timtftion ot tbn 
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and tt also required the galvanometer needle to he kept in the moat 
sensitive petition. A strong source or hern produces a large deflfetion 
of the needle, and iei thk part of the scale the inurnment is not very 
sensitive to small changed of heat. The problem to he solved then 
was to work with smalt deflections and it strong source. 

This difficulty was overcome by Tyndnll in the following man tier. 
The indications of the thermopile depend not so much on t lie temperature 
of cither face aw on their difference of temperature* and when the two 
faces are brought to the same ieiti|Hirature the deflection of the galvano¬ 
meter is reduced in jtero. The solution of the difficulty i* now obvious 
For if a strong kam of radiant heat be employed, which, falling on one 
face of the pile* produces a large deflection of the needle, then by bring¬ 
ing up a second source of heat opposite iho other face of the pile, the 
notion of the Hast source may be counterbalanced by the sciond, and 
the galvanometer deflection may he reduced to zero if dceivML Let us 
now suppose that this has been effected, and that the needle stands at 
zero and in equilibrium under the joint action of the two sources of 
heat; and Ictus further suppose that the experimental lube already 
described has been exhausted and placed in the path of one of tfn: 
beams of heat, so that, the beam of radiant heat, falling upon one of Un¬ 
laces of the pile, passes through the empty tube. Now let us $ appose 
air or any other gas to be introduced into the tube, HiOn if this gas 
absorbs any small fraction of the heat, the previous equilibrium will be 
broken and the needle will move to a new position of rest. The 
deflection of the needle will be, within certain limits* proportional to 
the quantity of heat absorbed* and this for a substance of given 
absorbing power will be proportional to the intensity of the beam 
passing through the tube. Hence the stronger the beam of radiant heat 
employed the greater the ultimate indication of the galvanometer, 
and by the foregoing device it is rendered possible to use a beam of 
any strength desired. The preliminary difficulty being thus overcome, 
Tyndall again approached the inquiry* and with marked success* as 
will appear from what follows. 

The type of apparatus finally adopted is sketched in Fig, 133 + The 
experimental tube SS J was a hollow brass cylinder, iwliahed within, and 
closed air-tight at the ends S and S' with plates of rock-^alt. The 
length of this tube was about I feet, and the source of heat 0 was a 
cube of east copper filled with wafer* which was kept boiling by a 
lamp. The cube C was not isolated but brazed to a short cylinder 
F of the same diameter as the experimental cylinder, and callable of 
being connected air-tight with the latter at S. Thus between the source 
of heat and the experimental tube there vu a front chamber F 
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wliidi could be exhausted, so that the radiation from C might enter the 
experimental tube unsifted by air, In order to avoid conduction of 
heat from C to the rock-suit plate at S, the front chamber F passed 



through a vessel V, in which a stream of cold water continually cir¬ 
culated. The experimental tube and the from chamber F were 
connected, independently, with the air-pump, so t hat either of them 
might be filled or exhausted without interfering with the other. The 
thermopile P was furnished with a conical reflector at each eiid, and 
the compensating cube C’ was used to neutralise the radiation from C. 
An adjusting screen H, capable of a very fine motion to a ml fro, was 
employed to bring about exact compensation. 

As the very slightest traces of impurity largely affect the diather¬ 
mancy of air, the strictest precautions were necessary in order to ensure 
that the sample admitted into the exi*rimenta! tubs was perfectly 
pure and dry. For this purpose it was passed through C-tubos filled 
with pure glass broken into small fragments and moistened with pure 
sulphuric acid. It was also found necessary to cover each column of 
the U-tube with a layer of dry glass fragments; for the smallest trace 
of i [list from 1 he corks, or a fragment of sealing-wax not more than 
the twentieth |>art of a pin's head in size, was sufficient to vitiate the 
results if it reached the add. The drying tubes, besides, retired 
frequent renewal, as the organic matter of the atmosphere, though 
exceedingly small, after a time introduced disturbance. The carbonic 
acid was removed by Visaing the air through another set of U-tubc- 
filled with pure broken Carrara marble moistened with caustic potash. 

Tht! front chamber F, and the experimental tube SS. being both 
exhausted, the rays of heat from the source C were allowed to fall 
upon the face of the pile, and the effect of this radiation was com- 
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pensainrf by the cube € T tbs needle a tending at rero, Pure dry nil 
was then allowed to filter the cylinder, but no appreciable motion of 
the needle could be observed. 

The absorption of beat by air is therefore so small that oven this 
delicate teat fail* to detect it. Oxygen, hydrogen, nod nitrogen, when 
carefully purified, and treated in the same way, showed, like air, no 
sensible absorption of the radiant heat. Olefiant go*, on the other 
hand, exhibited a very marked effect. The experimental cylinder 
being exhausted, and the needle being brought to aero by the com- 
I sen silting cube, olefiant gw* wa* allowed to enter, A marked deduction 
of the needle, amounting Hi 70 when the cylinder was filled with gas, 
waa the result, showing that this invisible gas absorb* heat like a solid 
or liquid, A metal screen was now interposed between the end of the 
experimental tube and the face of the pile, so that the comjieusa,ting 
cube alone might radiate to the pile mid produce its full elfuct. A 
deflection of 7, r > was thus obtained, and as, at the commencement of 
the experiment, the radiations from the two cubes were equal, the 
deflection 75 represents the total radiation through the exhausted 
cylinder. Taking as unit the quantity of heat necessary to move the 
needle from 0° to 1 , the number of units represented by a deflection 
of 75' was 276, and the number representing a deflection of "0 was 
211, so that out of a total of 276 units 211 were absorbed by the gis 
within the cylinder—that is, the absorption of the gas amounted 
to about 80 per cent of tbe whole* The following table exhibits 
the relative absorption at pressures varying from 1 to 10 inches of 
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It thil# appears that the absorption increases with the pressure, 
but not in simple proportion to it or according to any simple law. 

» The unit employed in ihU table If Stated by Tyndall to be the amount of beat 
absorbed by " a whole atmosphere or dried air.” Thi * appears to be the quantity of 
heal corresponding to a deflection of 1' of the thermopile, as tome experiments ire 
quoted, in Which purified air, oxygen, hydrogen, nitrogen, each gave 14 a deflection 
of rttoia T under atnansliharin Jin' Hiure." As the ahaorptio n of air Seams, accordlbg 
to Tyndall, to be largely affected by even a small trace of aqueous vapours or other 
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tur Ftty small pressure*, however, the absorption was found, as wo 
should expect, to l* very approximately proportional to the pressure. 

Similar experiments with other gases and vapours were conducted 
with like'Success. The results of these are collected in the following 
Ulde, w hich shows the exceedingly high absorbing power of ammonia. 
1-n order to examine the corrosive gases, the brass experimental tube 
was replaced by one of glass. The hot water cube was also dispensed 
with as a source of hcaUnd replaced by a plate of copper, ftgfl i n , r which 
a thin steady gas-flame from a Bunsen's burner vu caused to play. 
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The examination of vapours was conducted by placing some of the 
.quid in a Mtuto K fitted with a screw-top carefully cemented on 

^ thl * mea,t * jt «dd "tt^hed to a stopcock, ami 
thus connected with the experimental tube. The liquid he in" intro- 
duevtl the mbe K w*a connected with au jot pomp, imd the l\t was 
completely removed, so that nothing but the liquid and its vaimur 
remained. The stopew* y» then shut, and K wa* attached to 
i n- experimental tube, r J he hitter befog completely exhausted, and 
the needle of the galvanometer standing at *e™, the Up attached 
to h ni oi»ned. The vapour was thus allowed to enter tbe 
experimental id* silently, , md without the slightest commotion while 
t he manometer attached to the apparatus was carefully observed. In 

1 " 1 manner thc ^ r n t!ona tjf [ bc vapours, mentioned in the IoIIowIhe 
table, were examined at pressures of 0 1, 0-o F and 1 fuck respectively 

impurity, the ch«« or tbi* emit ippear* ill vh W. Aar on* row*!!™ ,i. 
nwu wcubl «rt*i=ly object to lining ih* most Jen bin. I flnd Lt BwkLToTji 

■«e mbstoac* «t cp « ,h. „f ,*6™. TjtS ELHtol 

tllB absorption of thus scbrtonuis ii i XMtrfingly smaU-wqbobh- 1 vm s.ll ,V 

l, «.w I., ...j r.iu.rk, lh . *4 ,EZ T." 
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The influence of the temperature of iho source on the traiisiiiiMion 
of radiant heat bv vapours is shown very decidedly by the following 
table. By raising the radiating spiral from a barely visible heat to 
an intense white heat, the absorption of bisulphide of carbon and 
chloroform is reduced to leas than one half, and corresponding reduc- 
thus take place with the other vapours. In some eases even ft reversal 
of the order of their absorbing powers i* exhibited. 
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Compared with this the absorpt ion order, when iho source of heat is a 
Leslie's cube coated with lamp- 1-lack, shows another case of reversal, 
the iodide of methvl coming above chloroform in the list. 

Tyndall also examined the action of perfumes, such a* geranium, 
thyme, and rosemary. Small squares of bibulous paper were rolled 
*p (u, as to form little cylinders, each about 2 inches m length. One 
of these paper . vlin.lere was then moistened by dipping one end of it 
into an aromatic oil, so that the oil crept by capillary action through 
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ihe paper until the whole l>acame moist The roll was then intro- 
1 1 need into it glass tube which it just filial without I Hiing squeezed, 
and this tube was placed between the drying apparatus and the experi¬ 
mental tube* m that by turning a rock dry air could be gently drawn 
through the fold* of the saturated paper. This air, laden with per¬ 
fume, passed into the experimental tube, and the absorption due to 
the perfume could be examined. 

Experiments mi ozone showed so marked an absorption of radiant 
bent by lhi* substance that it takes rank with olefiant gn,s and boradc 
ether as an absorber. 

The diathermancies of several volatile liquid* wore also examined 
by Tyndall, in order to determine if the state of aggregation is of 
paramount importance, or if the absorption depends chiefly on the 
nature of the Individual molecules, ami if their deportment towards 
radiant heat remains characteristic of the molecule throughout all 
states of aggregation. Mellon!, in bis experiments on the diather¬ 
mancy of liquids, employed a lamp-flame covered with a glass chimney 
as source of heat, and the liquid was also enclosed in a glass cell, so 
that the radiation was sifted by glass before it entered the liquid. 
Tyndall, however, desired to have the primitive emission interfered 
with ns little as possibly and to determine the diathermancy of the 
liquids and their vapours as far as jjOfisible under the same conditions. 
For this purpose he employed, as source of heat, a platinum spiral 
raised to in can defence by an electric current, and he enclosed the 
liquid in n rock-wilt cell, so that the radiation pa^ed through the 
liquid, sifted only by rock-salt, as in the case of the vapours and gases. 
The platinum spiral was enclosed in a glass globe to prevent the dis¬ 
turbing influence of air currents, which render a red-hot spiral an 
unsteady source of heat in Open air* The front of the enclosing globe 
was provided with an aperture which could lie left open, so that the 
radiation fell directly on the liquid cell, or it could be dosed air-tight 
by a plate of rock *aIt, that the globe could be exhausted, and the 
spiral allowed to radiate in vacuo. The radiation, in the ftrat instance, 
was allowed to pass through the empty rock-salt cell, and the galvano¬ 
meter needle was brought to aero by the compensating cube. The 
liquid was then poured into the cell, and the deflection of the needle 
noted. From this deflection the quantity of boat abaorlted by the 
liquid was immediately calculated/ and expressed as a percentage of 
the entire radiation. The results of the investigation are contained 
in the following table for various thicknesses of the liquid 

1 Tilts d tend value of tht n-ikciiui *t the- inner aiirfoce* uf thi> cell pktw when 
empty ftElif Hfled with liquid h neglected, ftD4 l thh qiuMity may he Very appreciable. 
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With the same source of heat—namely, a red-hot platinum «jura 
—the absorption of the vapours of these liquids ut a pressure of half 
an inch of mercury waft found to be m follow* i 
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Comparing this table with the preceding one. we see that the older 
of absorption is the same in both as far « nmyleue. Alcohol and the 
ethers are still characterised by strong absorption m both lists, although 
their order becomes inverted in passing from the liquid to the gaseous 
condition. This inversion, however, arises from the fact that the com¬ 
parison has been made lietween liquids uken at a common thickness 
and vapours at a common pressure and volume, Now, if the eqiitil 
layers of the liquids employed were converted into vapour, the volume, 
obtained at a common pressure would not be the some, 1 ence, in 
the furegoing comparison, the quantities of matter traversed by the 
team of radiant- heat are net in the sumo proportion in the two cases, 
and to render the comparison strict they ought to be property, 
The correction in this respect is easily applied when wo know' the 
specific gravities of the liquids and their vapour densities, rind when 
applied it is found that the order in both lists as regards absorption 
become* exactly the same, so that the discrepancies appearing m the 

foregoing table's are removed ; or, in other words, it is proved that for 

1! M 
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heat from the same source the order of absorption For liquids and their 
vapours is the same* 

It appears then that in the main the molecules maintain their 
character is ties ;ia absorbers of radiant heat, although the state of 
aggregation changes, and if any inference be allowed we should expect 
that aqueous vapour would be exceedingly opaque to thermal radiation, 
for, as we have already seen, pure water stands at the bottom of the 
list as a transmitter of radiant heat. 

This anticipation as to the opacity of aqueous vapour seems to 
have been fully verified by the experiment* of Tyndall, but subsequent 
investigations by Magnus and others by different methods brought 
the matter into warm dispute, for, while Tyndall with one form of 
apparatus found the absorption of aqueous vapour to be enormously 
greater than that of dry air 5 Magnus with another found no such 
difference of absorbing power. 

In face of these very different results on the absorption of such an 
important vapour as that of water* by men who had already proved 
themselves possessed of the highest ex|>erimcnlal skill, it mar be 
well to give here a brief account of the methods adopted and of the 
objection* raised by each to the apparatus of the other. 

Aqueous VAPOim 

£64* Tyndalls Experiments. The low diathermancy of pure 
wnler prepared lyudall to exjject that aqueous vapour would also 
prove i Lae If highly opaque to radiant heat* and this expectation wjis 
surprisingly confirmed, Pure dry air being admitted into the ex¬ 
perimental cylinder a defection of scarcely 1 was observed* Making 
a similar experiment with the mulried air of the room the needle 
moved through 46* This corresponded lo an absorption of 73—that 
ia to lay, the aqueous vapour contained in the air absorbs 72 times 
the quantity of heat absorbed by the air itself. This figure is rendered 
alt the more surprising when wo remember that the quantity of vapour 
in the air amounts to less than one-half percent, 

This result, if true, is of such importance in the science of ructeor- 
ology that it ought to be subjected to the most careful examination,, 
and the closesi scrutiny of tbe whole mutter seems to have been carried 
out by Ty ndall + Hock-sal i is a hygroscopic aubstnnee, and it might 
be supposed that the Aqueous vapour condenses on the faces of the 
rock-salt plates winch close the ends of the experimental tribe, and 
that in this manner a thin film of aqueous salt solution is formed, 
which, a.-H appears from Mollooi s tables, is highly opaque to radiant 
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hejit p though not more opaque thnts pure water. The quest ion, there- 
fore r arises whether in the foregoing oipenmeirt the absorption 
observed is not ill reality tine to thin films of moisture deposited an 
the plates. The aqueous vapour might also become condensed on the 
walk of the cylinder so that the reflection from its aides might become 
seriously diminished, and the apparent absorption might arise from 
this diminution of the reflecting power of the interior surface of 
the cylinder. So, again, it has been suggested by Magnus that the 
London air is always impure and to some extent misty from suspended 
matter, which, though it he so small as to escape the eye, yet may lie 
sufficient to stop by reflection a considerable portion ut the radiant 
heat. In order to meet this objection 1 Tyndall examined samples of 
air brought from the Isle of Wight and other localities, bet always 
obtained the same result. The other objections are more serious, and 
demand special precautions and modifications of the apparatus. The 
effect of a variation of reflecting jxiwer of the inner surface of the tuba 
might be determined, at least to some extent, by blackening the inside, 
but this method of experiment does not appear to ha vu been prosecuted 
by Tyndall with sufficient fulness. Rome experiments are described in 
which the inside of the cylinder was lined with bbnjb for hulf its length, 
and from these it was concluded that the high absorption obtained 
for aqueous vapour did not arise from this cause, duller exjierimeets, 
in which the whole of the interior of the tube was blackened, would 
have been more satisfactory, and it is difficult to understand why 
half-measures were resorted to in this important mutter, 

With regard to the first objection— namely, lhe deposition of 
moisture on the rock-salt plates—the precautions taken were as follows. 
In the first place, it was assumed that the plate nearest the source of 
heat always remained free from this source of error on account of its 
proximity to the .wee of beat. The distant plate was assumed to 
be the only one in danger, and to protect it otic of I he conical reflectors 
was removed from the pile and placed wit bill the cylinder, with its 
narrow end abutting against the rock-salt plate, while the space 
between it and the metal tube was filled with fragments of fused 
chloride of calcium. The face of the pile from which the reflector was 
removed was then brought close up to the rock-salt plate, and the 
experiments were proceeded with as before. The chloride of calcium 
kept the circumferential jiortion# of the plate |iei ieetly dry, and the 
whole beam of radiant heat was converged by the reflector on the 
central part. With tliis arrangement it was supposed that the dc- 

1 If sack 4U abjection were allowed, ixtitihU particles or globules might cr|ttally 
bv introduced to exjileia all absorption by gaw». 
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position of moisture on the plate was impossible. On examining tho 
plate, even with a kns t no trace of moisture could be detected on it r 
the polish remaining perfect throughout. 

Further, the plates of rock-sail were dispensed with entirely, and 
the experimental tube was left open at both ends, the arrangement of 
the apparatus being as shown in Fig. loti. In order to avoid agita¬ 
tion of the surrounding atmosphere while the air was being introduced 
irit-rs the open tube, it was arranged that dry air could be allowed to 
enter the tube slowly through lire tap C, while D wat connected with 



Pit i&n. 


an air-pump w hich w as slowly w orked, so that the dry air w as draw n 
from € towards I). Thus throughout the central portion of the tube 
n column of moist nir could be displaced by dry air, and w versa,. 

In making an experiment with this apparatus the tube was at first 
filled with the common air of the laboratory, and the needle was 
brought to mro by the compensating tube. Dry air was then allowed 
to enter slowly and displace the moist air w p hich initially occupied the 
tube. As soon its the dry air was allowed to enter, the needle com¬ 
menced to move and finally stood at a deflection of 4.V. When the 
supply of dry air was cut off the deflation commenced to fall, but 
with great slowness, Indicating a slow r diffusion of the aqueous vapour 
through the dry air of the tube, It the pump w'an worked the dry 
air was removed more quickly and the needle sank rapidly to Eero. 
The result of all these experiments wjis, therefore, to confirm the coin 
elusion already arrived at by Tyndall as to the high absorptive power 
of Aqueous vapour for radiant heat. 

Humid air was also tested at various pressure^ and the results 
verified the axrriei[Htion that the absorption varies directly ils the 
quantity of vapour present. The third column of the following table 
was calculated on this supposition, and it can scarcely be supposed 
that results so regular as these can he due to condensation of the 
vapour on the interior surface. Besides, under the pressure of il inches 
the quantity of vapour within the tube » less than one sixth of the 
quantity necessary to saturate the space—a dryness umipproathed by 
our driest days. 
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I„ concision, foamy!.« rcmwWlliri an the *ir g<ra«raJly apenktd 
with wits thiitof tht laboratory, there 
appears to be no particular reason 
why the moisture should condense on 
the i ns id 0 surfaces of she pi ales more 
ibun oil the outside* and it is well 
known that a plateof rock-salt exposed 
in the open air is h ighly d iathemin n ons s 
which shows that opacity to radiant 
heat is not introduced in this, manner 
in the open air, 

265* Magnus's Experiments, - 
The experiments of Professor Magtm* 1 
on the diathermancy of gases were 
conducted chiefly with the apparatus 
shown in Fig, This consisted of 
two glass vessels having their bottoms 
fused together* one being much larger 
than the other. 1 he smaller one, C n 
stood upright, and acted as the source 
of heat, being partly filled with water 
which was kept at the boiling point 
by a current of steam passed through 
the tube jy?L The larger vessel B£ 
was tinned mouth downwards, and 
had its month FF ground down so 
that it could be placed like an ordinary 
receiver on the plate of an air-pump 
and exhausted* while, by means of UT 

the cocks H and K f it could be 

filled with any gas desired. It was surrounded by a water bath T 
MM, kept at 15* CL Within this experimental space a thermopile S* 

l MsgUUSt Fow* ciii. fi. 531 5 FhiL -*%. vd, siil., 1961. 
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with its axis vertical, was attached to the plate of the air-pump, 
and one face wm Hi recited toward! the common surface of the two 
vessels which had been filled together. This surface was heated to 
100 15 0. by the hot water and acted as the radiator. The pile could 
bo exposed to the radiation or protected from it at pleasure by means 
of a movable screen, «, and the entire space between the pile and 
the radiating surface could be rendered a vacuum or filled with 
a gas. 

Experimenting in this way* Magnus found that air and oxygen 
intercepted over It \mr cent of the heat radiated by the source, while 
hydrogen cut oil'more than 14 |>er cent. Tyndall, on the other hand, 
after using every precaution, found that these gases were practically 
vacua to rad hint heat. With the more powerful compound garter?, on 
the other hand, Tyndall found a considerably stronger action than 
Magim*. Thus with olefiant gsin Mag tans fun rid an absorption of less 
than 54 jjer cent, whereas Tyndall obtained inure than 72, This result, 
however, was to be expected, as the length of gas traversed by the 
radiant heal in the experiments of the former was under 15 inches, 
whereas in those of the latter it was 33. 

Magnus alrto describes a aerie* of experiments in which the source 
of heat was a powerful gas-Hume, aummnded by a glass chimney, and 
provider! with a parabolic mirror to reflect and concentrate the rays. 
In this series the foregoing apparatus was dispensed with, and the gas 
under examination was enclosed in u gin#* tube 1 metre long and 
35 mm. iti diameter, the two ends of which were stepped, not by 
plates of rock-salt, as in Tyndall'* experiment#, but by plates of glass 
4 nun, thick. 

Two series of experiments were executed with this tube, one 
in which the interior surface was covered with black paper, and the 
other in which it was uncovered. The former method had been 
previously employed by Dr. Franz, and the results obtained by 
Magnus in the case of air and oxygon agree closely with those of 
Fmnz r the former obtaining an absorption of about 21 per cent 
for these gases in the blackened Lube, while Frani obtained about 
3 pur cent 

In the case of the unblackened tube ? however, the absorption wa* 
found to be much mom considerable. Here air anti oxygen cut off 
14 75 jwr cent, while hydrogen intercepted IG 23 per cent* This 
great difference between the actions in the no blackened and the 
blackened tubes is ascribed by Magnus to a change of ijualitv 
of the heat produced by it* reflection at the interior surface of 
the glass. 
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We now come to the case of aijuaau* vapour. With both the gaa- Aqu*™ 
flame and the bailing water aa aourtes of heal. Magnus found the effect f 
of dry air to Ik precisely ihe same as that of moist air natumtod with 
vapour, Hu concluded from his experiment* u that the wittei present 
iit the atmosphere at 16 C. exercises no [jemeptible influence on tliL- 
radiation." The vast difference obtained by Tyndall in the behaviour 
of moist mid dry air lo radiant heat Sins been already noticed, and a, 
these discrepancies were attributed by Magnus to condcnsuiion on ihe 
interior surface of Tyndalls axperiraentnl tut* and on the rock-salt 
plates, so Tyndall in turn attributed them to sources of error inherent 
in Magnus's method of experiment. Thus Magna* in his hret * 
apparatus (Fig. 157) avoided the use of plates of any kind; but m 
order to do this he was compelled to bring his gas into direct emit act 
with his source of heat. Convection current* may in this manner lie 
set up within the experimental chamber, and Tyndall held that the 
results obtained by Magnus were largely affected by this source of 
error, the greater convection of hydrogen also accounting for the differ¬ 
ence obtained by Magnus between this gas and air. lio also Magnus 
used glass plates to close his experimental tube, and these, according 
10 Tyndall, become heated and radiate to the pile as secondary sources. 

On t he introduction of a gas, how ever, the plates become cooled by 
convection and conduction, and the effect of this cooling on the [tile is 
the same as if a true absorption took place withiti the gas. 

266 . Experiments of Lecher and Pernter. More recent ly a 
scries of experiments on the absorption of radiant heat by gases and 
vapours was published by Ernst lecher and Joseph Pernter ; 1 hut 
these new investigations, instead of settling the rpieation in dispute 
between Tyndall and Magnus as to the comparative absorptions of dry 
and moist air, placed the whole matter in a state of greater uncertainty. 

For whereas Tyndall found an exceedingly low absorption for dry, and 
a high absorption for moist air, while Magnus found the same absorji- 
tion for both, and that tolerably high, the results of the experiments 
of Lecher and Pernter show practically no alsorption for either 7 or, in 
other words, both dry and moist air act as a vacuum towards radiant 
beat. 

The method adopted in these investigations was similar to that 
employed by Magnus, the source of heat and the thermopile being in 
the same chamber as the gas under examination. In order to avoid 
■ convention currents, however, a special heating arrangement was 
adopted, whereby the radiating surface was suddenly brought to 

1 reiser ami Pernter, Jfttti. fa k. Akml. fa H'iwwth. in fF«*, July 16&0; 
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iOO C. by directing a jet of *teaui agftiiiHt it. The apparatus was for 
this reason a eonsiderably modified form of that of Magnus. 

Tt was found, as W been already mentioned, in opposition to the 
results of Tyndall t that the absorption of aqueous vapour is ex¬ 
cessively small, and. as in the ease of air, practical !y ins perceptible. 
They thus confirm the view of Magnus with regard to aqueous 
vapour, but they contradict his result for air. The number* obtained 
for other gases agree fairly well with those given by Tyndal) t but in 
the ease of vapour* considerable differences exist. 

267. Comparison of Results. — Them; contradictory results, 
obtained by most careful and experienced ox penmen tore* arise un¬ 
doubtedly from the great difficulties attending observations in this 
department. > T o method grama to have been yet employed which is 
perfectly free from objection. These differences are strikingly illus¬ 
trated in the ease of air. Thus Tyndall obtained no appreciable 
absorption for a layer of air I Tl metres thick, and this result is sup¬ 
ported by the work of Lecher and Pointer. Magnus, on the other 
hand, found that a layer of air 275 min. thick absorbed I I percent of 
the radiation, and llufif 1 believed that he observed an absorption of 40 
j>er cent by n layer of air only 4f* mm. thick l 

The method of experiment in which she thermopile and source 
of heat were both In the experimental chamber containing the gas 
has been employed by Magnus, uml then by Garibaldi* and Baffi, 
Tyndall justly objects to this method on account of the convection 
currents* and this, source of error ap|>ears to have Wen recognised by 
Magnus, a* he did not return to the question. Buff endeavoured to 
avoid it by rapidly heating the radiating surface, and the same j>km, 
we have teen, wa* adopted by Lecher and Pern ter. Garibaldi employed 
a concave minor to concentrate the heat rays, and obtained the 
enormous absorption of D2 per cent for aqueous vapour \ 

Tyndall, on the olher baud, ihietly employed the method in 
which both the source of heat and the thermopile are outaido the 
experimental space. This necessitates ihe use of dialhermnnoits plates 
to close the end* of the experimental tube. For this purpose glass 
plates were employed by Franz and Magnus, and the objections to 
glass for this purpose have been considered. Tyndall employed roek- 
mh, which i* much more highly diathermancy but according to 
Tyndall's own experiments this substance is not perfectly d rather* 
niauous, and it is just fusible that it may absorb the same ravs as 
those intercepted by air. This objection has been raised by Butf t 

a linff, Fotrjr voL dvui. \K 177, ib7$; Phil. (&) vol. iv. |p, 401 f Utf. 
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Jiitf], if true, the radiation would be sifted bo fore an taring the nir 
in the tube, and the low absorption obtained by Tyndall for nir 
would bo accounted for. This objection does not appear, however, to 
hive been confirmed, and Tyndall 1 seems to have completely refuted 
it. The employment of rock-salt seems, therefore, to be permissible in 
experiments with dry gases, since the percentage of rays absorbed docs 
not appear to be materially influenced by its imperfect diathermancy. 
The case is different, howevot, with vapours, for these may condense 
on the plates and on the walls of the experimental tube, and thus form 
an important source of error. 

[It is now fully established that pure air is highly dinthemnmous, 
but that the aqueous vapour and carbon dioxide present in ordinary 
air possess n well-marked absorbing i»wer. The whole subject of 
absorption is best studied as a branch of physical optic*, being closely 
connected with dispersion and selective reflection. In the experi¬ 
ment* above described, no attempt wo* made to employ radiation of 
a definite wave length, hence the existence of absorption Iwnds or 
lines characteristic of each substance could not reveal themselves.] 

i Tyndall, Pn> f, vul. jae. v . IB, 15?1). 
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288, The Differential Thermometer.—In the preceding investiga¬ 
tions Dei the laws of tooling* the temperatures were registered by 
ordinary liquid-iu-glass thermometers. The general study of radia¬ 
tion, however, required some much more sensitive tern pern Lu re¬ 
registering »|ipamtti5 p and the great advance* in this subject followed 
rhe invention of more and more delicate iustruznenta for the detection 
of feeble radiation. AM ihe most valuable of these instruments 
depend in principle on the thermo-electric properties of matter. 

The first instrument specially invented for the study of radium 
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heat was a specie* of air thermometer designed by Sir -1, Leslie, and 
in bis bfUids thu instrument (which is now of little more than historic 
interest) rendered important service. In Leslies form of the apparatus 
158) two equal bulbs, C and D, filled with air are connected* as 
shown in the diagram, by a narrow bent tube which contains some 
non -volatile liquid, such as sulphuric acid. When the two bulbs are 
at the same temperature, the liquid stands at ihe same level in the 
two arms of the tube; but if one of the bulbs is healed, the pressure 
of the air within it increases, and the liquid is forced towards the 
cooler bulb by the expanding E dr in the warmer. The level of the 

H3& 











arTt 


EADI0HETER5 




liquid hi the arm to winch iho warmer bulb is attach* I will thu> be 
lower than the love! in the other arm, mid from the difference of level 
the difference of temperature id ay be estimated* 

Thus ntsce ihtf bulb* nn* ucpmL, mil the liquid stand?* At tb® mini 1 level l» tb' -1 
Anna when the temperature is the xume, it follow! that the uf 4iir in mi*- bulb 
U the uiuiu that in the other, If tin- ^ro mark of the ji«]i >'-= tl"‘ F^bit st 
which th.- level of tins liquid kUwJei when the two bulb- hnve the nleuc tempcrttiiTir, 
fttid if ^denotes the volume of rich ucale division of thr ll3V< itu-u wIkIl the BUrfaH 
or the liquid jtanda » division* below tin? zero mark in inn' Mill, ^d ■' diviiioni 
above it LM the Other* the V^lupiefii decupled by tfai sir in tliww «wn will b* V aBd 
V - 2 ji raspeclivdy, and tliecorresponding temper ntttrcd uftlu- bulb- will! bw fKiml 
+j - Afl, In addition, the pressure in the colder hulb will be l\ ead if the 
due lo the weight of each soalr' divisl-.n «fcf tlm liquid be y, tin- ju^ufem llm 
warmer bulb will be P + 2*J>. and coimiquontly mpplyioy l)» eqUAtien P\ K'» 
to esuh arm We ti4Vi' 

F V 1 P + 2*pH v + lirt*) %iVv / p r\ 
q - “6*4# -w \f v r 

sinuan/P.nd v;V aru Iflth small tin final ^ing obtilnwl by aubtwnting 

Ehf nuuiiiriitar sad dcnmniuHtor of tin- li^t from Lhe ™rre*|*mlin*: t«n>» of tho 
a*e«uL Tbit «]UnUty «f tU« finl and (tin] members give* at once 

i*==*»e(j)+y). 


Iftbo colder bulb t» at zaro CMtigrada, than hJj and further, ir the volume V 

t K> ronlmd bv V„, the volume of either bulb up to the zero mark, snd P by P. H th* 
proinro vhfeu the liquid btsruln at the B*m* tml in the two arms, wa have the 
approximate equation 


A modified form of LwlieV appinrtm *** desijjuod by Count 
Rnmfonl, which possesses much greater delicacy than the original- In 
Itiunfofd’a form (Fig 150) the liquid column is reduced to H simple 
index moving along the horizontal [cirl of the tube which joins the 
Lull?, so that the pressure in one bulb is always equal to that in the 
other. 

If the iudes be diiplieed /t division* from ttoa aero mark, we Imvc in tbia cw 

V _ V + 2ti# _ JPvr 
H " U-r Atf ' Atf 1 


fliers V in the volume, sad© the teiujwntun of air in the aridvr *Tm 
B^Cf 

or upprexlmatcly 

A modlffetl form wf ihe (lifT^rentid thermometer 3ia^ also been 
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devised by Matthie^sen, which can be u^ed conveniently with liquid*. 
For this object the arms tq which the bulbs are attached are bent 
round twice at right angles, bo that the bulbs hangdownward*, and can 
be cosily dipped into liquids* and the difference of temperature of two 
liquids can thus be registered. The differential thermometer* when 
employed Its a radiometer* is less sensitive than a simple air ther¬ 
mometer, for when the index moves tinder the expansion of the air in 
one of the bulbs an increase of pressure In set up in the other, and 
thin reduces the displacement of the index which would otherwise 


occur, 

269+ The Thermopile.—Tbs thermopile \* probably the most 
celebrated instrument ever designed for the study of radiant beat, for 
although it has been surpassed fo delicacy and quickness of action by 
more recent forms of apparatus* yet it is to the services of the thermo¬ 
pile that we owe the researches of Mettoni and Tyndall, as well as 
nearly all the advances that have since been made in the study of radia¬ 
tion. This instrument wiis invented by Mobil i* ami in its action is 
based on a discovery made by Su check about 1820, that when two wires 
of different metals are joined cud to and so as to form a closed circuit* 
then when one of the junctions k heated* or cooled, an electric 
current passes round the circuit, amt thk current continues to flow 
as long an any difference of temperature exists between l ho two 
junctions* 

The most elementary form of such an apparatus U shown in Fig, 

ISO, whciv; A and B are 

A< 


the junctions of two dis- 
&imilar wires, the wires being 
soldered together at these 
I ►of ji tSj and one of them being 
in circuit with a galvanometer lb As long aa A and B are at 
different temperatures, a current passes round thu circuit and deflects 
the needle of the galvanometer. When the two junctions are at the 
samu temperature, its when they are both immersed in the 
bath, there is no current, and the galvanometer needle remains 
steady, hut as the difference of temperature increases the current 
strength increases* and the deflection of the needle augments 
accordingly* 

We have here, therefore, a means of estimating differences of 
temperature, and on this pro]*ertv a scale of temperature might 
be founded by saying arbitrarily that the current strength in the 
circuit is proportional to the difference of the temperature* of the 
two junctions just as legitimately aa on the exclusion of mercury 
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or any uther liquid. We have, however, already chosen the air t 
or [perfect gas thermometer ns our standard of rtfiireiice B and, under¬ 
standing temperature to be measured in this way, ii sa t"inaai'l that 
the current strength iri a thermo-electric circuit in not omctly pro- 
[jortioiiaJ to ihe difference of the temperatures of Hio two junctions, 
but for small differences it is nearly so. The electromotive force 
jjrndunlly increases with the difference nt temperature; but, as 
Camming discovered, if one junction is kept at a constant tciiqura- 
bare, while ihe temjMmtuie of the other is gradually raised, the 
current strength dots not go on continually increasing, but ultimately 
reaches a maximum, after which it decreases and ultimately falls to 
Bern again, ami becomes reversed, so + h h<■ the defection of liiu 
galvanometer vanishes, not only when the tw'o junctions have the 
aanae temperature, lull also again when they are at very different 
temperatures, The mean of the temperatures of the two ju net ions 
when the latter occurs is found t" be always the sums fur the same 
jmir of metals, and is called their neutral 1 temperature. The 
existence of this phenomenon utterly disqualiles the thermo-electric 
eouple as a standard of measurement of temperature, and for all 
ptir|) 09 e^ of measurement the instrument must ho empirically graduated 
by n direct comparison of its indications with those of some standard 
instrument. 

The thermopile, as usually conslmeted, consists not of a single 
pair of wires, but of several pairs arranged in such a way that a 
given difference of temperature produce* a much more marked 
deflection of the galvanometer than that which would he caused by 
a single pair. This arrangement is indicated in Tig. 161, which shows 
a system of pairs of little bar* of two different metals soldered 
together, and arranged so that the alternate bare are of the same 
motel, and thus at each junction two dissimilar metals are soldered 
together. If the system is in circuit with a galvanometer (i, and if 
all the lower junctions are at one temperature, while all the upi>er 
junctions are at another, then the electromotive force of the system 
will be equal to that of a single pair multiplied by the number of 
pairs. 

Iti practice about twenty five pnins meh consisting of a wmrti 

l Since tin- iile^tromotivi fore* vanishes when the r 4 , nm\ at lIjt 

two imp-turn' urn- i-'jial, it fallow* tint 0 , &, munt be n factor «f th* eaqi»^™ tar 
ths elwlromatiTo fare*. In the ttmz wiy p if tb* mafenl trnipmtare to tf„. then the 
elwtroiuativ* fa*™ whi-ci 4!$i + 0-) = ^ ftCL ^- therefore, # lt - J{0| ■ mast 

ri i 5Q 1hi # f v;Lar> Thm -expression for Ibo t-k^tremotivc fi.rce COUBl ibcrtfftif* to of 
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bair of antimony soldered to ji similar liar of bismuth, arc arranged* 
a* shown in Fig. 162, in the form of a rectangular parallelepiped* 
the pieces being carefully insulated from each other by some insulating 
material, such ;us thin paraffined paper. 

In conjunction, with a thermopile it U necessary to use a galvan¬ 
ometer, and in constructing a delicate instrument it Lb necessary to 
pay due attention to the proper construction of the 3atter. With a 
given pile the best galvanometer to work with is one whose resistance 
h equal to that of the pile, and in constructing a galvanometer of 
some predetermined resistance, what i§ required h to wind it with 
as many turns, of wire m possible, eapeeially near the inside, where 
each tom produce* the greatest effect, The question also arises as 
tu whrit cinmher of couples will he most advantageous in a thermopile. 
Now it ifl clear that the face nf the pile need not exceed the area on 
ivhieh the radiation can bo concentrated, and if the number of bars 
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in a given area he doubled ihe electromotive force will be doubled, 
hut the resistance of the pile will be increased four times, for not 
only :uc there twice the number of bars, but the cross section of each 
is halved, so that if the resistance of the galvanometer be made four 
times as great by winding twice the number of turn a of wire in the 
same space, the resistance of the whole circuit will be four times a* 
great, and, consequently; the current will 1 jo half as great; hm aa it 
circulates round the needle twice as often T ihe deflection will lie the 
same as before. Hence the deflection will he the same with one 
pair and a corresponding galvanometer as with many pairs filling the 
same space. This is true only so long as the resistances of the 
connecting wires can be neglected* and as it is often necessary to 
work with the pile at some distance from the galvanometer, the 
number of pairs in the pile should be considerable, for. as they arc 
imsrau«d a the effect of the connecting wires becomes less and less. 
Another point of practical importance in favour of a [urge number of 
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paim is, that in this case the electromotive force is large, and the 
disturbing effects of accidental electromotive forces are of amatlur 
consequence—such, for example, as the thermo-electric efforts which 
may occur at binding screws subject to accidental changes of tem¬ 
perature by handling, etc., or by connecting wires moving in the 
earth's magnetic field. 

The difficulties attending the use of the thermopile as a sensitive 
and accurate radiometer arise from the comparative slowness of Its 
indications and the length of time required for it to return to storo. 
These defects unfit it for many delicate ex |kH merits. 

270. The Bolometer,—An instrument depending on the change 
of electric resistance with temperature, and surpassing the thermo¬ 
pile in delicacy and merit ns a radiometer, was brought out in 1881 
bv Professor Langley, 1 and named the bolometer or actinic balance. 
This instrument was designed for the study of the distribution of heat 
in the solar spectrum, and in the hands of the inventor ii has proved 
itself a fruitful means of investigation in this department, not merely 
detecting the presence of very feeble radiation, but also, as its name 
indicates, furnishing a measure of its amount (fig- lfi'fr- 

Thc working part of the instrument consists of a thin strip of 
steel, platinum, or palladium foil, resembling a grating or system of 
parallel elements of the same metal joined so as to form a continuous 
circuit. This system of strijjs, or grating a- we shall call it, is 
punched from a "thin sheet of the foil, giving strips about 1 cm. long, 
h mm. wide, and to .J r mm. thick, this process being preferable 
to that of soldering the ends of the strips together. The grating is 
exposed to the radiation, and is placed in one of the arms of a 
Wheatstone’s bridge, and a similar grating, screened from all radiation, 
is plated in another inn of the bridge, and used as a counterbalancing 
resistance. This arm also includes a resistance which can tie varies!, 
so that exact balance may be obtained in the galvanometer circuit. 
A current from a battery of one or more Daniells cells divides 
itself between the two systems, one half passing through each. When 


» Lensky, Fnt. Awtrta** M <tf A ** ™I- lvi ' P- 31 - 1& *>- , 

IV nsrHaal sceouct .jf Hi inatfUBlCUt, .frj.fr,ding on cbiihge of elmtncal 
resistance, for »»-ae«rEng nr .let*-ting h™t spears Is t , (bet of Sv^rg 
tfm TO ] SI iv p 4X8, IfiSl), who, for Ihia purj-jEC, mlnxlUCfd * flat spiml of 
t,l. C k, n -Hlco P [K,r wire into O-J of the emu of a WheatsW* bridge. frr- Bsurhtt 
pahlisluid two pipers on the Bofruieu r {!•> "■ Btrh» I'hu*- , M * reh ‘ 

A>™ drr rh und Ch. veL sir. p. It2, >8®Sk Hi! constructed his gimuugs of tinfoil, 
binned with pfrtinie aWorufr, and this MMilive »arr«c acquires it* W teai- 
alai«l LnsUnUoooody. The two iwshnw «e J>W sufr by «.d*, » 
Ihm, by the movement of a *h utter, the rodiotum may l* tl lowed io fell on one or 
the Other alternately, end thus doable the effect, 





To protect the grating from air current.* and sudden changes of 
temperature it is enclosed in a chamber liner 1 with copper to secure 
an equable distribution of temperature. This chamber is contained in 
a long cylinder of wood or ebonite, which is also furnished with four 
or more manial card I ward diaphragms pierced with apertures 6 mm 
in diameter, and separated by ebonite rings, which form a succession 
of drum like chambers through which the radiation pass®, and which 
effectually stop air currents from without. The mouth of this cylinder 
is furnished with a revolving cardboard disc with suitable stop; which 
admit or shut out the radiation at pleasure. At the back of the 
copper-lined chamber containing the strips is a layer of solid non. 
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the two currents arc equal, the needle of the galvanometer remains 
motionless, but when heat falls upon the exposed system, the resist¬ 
ance uf that set increases, anti the current passing through it j* 
diminished, with a consequent deflection of the galvanometer. By 
this menus « change of temperature of so little as rw i firi of a degree 
centigrade or less may be measured j and from the excessive thinness 
of the strips, ihci take up and part with hem almost inslantanemisir, 
so that this inHinimcnt is much more prompt in its action than the 
thermopile. It is also much more accurate, for Professor Langley 
estimates the error of a single measure with it at less than I percent. 
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conducting material thiougli which the connecting wire* |A8* to 
binding screws, and behind this i* a chamber ronuiaiiig the adjust 
able resistance by which (he two firms of the bridge tuny Jh. j coimtcr- 
balaueed to perfect equality. It is advisable to have the two arms as 
equal as possible at first, since, if;unequal* the increment of reststance 
of the larger earned by a general rise of temperature exceeds that of 
the s nut Her* necessitating a frequent readjustment of the variable 
resistance, and producing a Hfc drift " of the galvanometer needle which 
slowly changes its direction according ns the temporal m e of the room 
rises or fall®. A similar drift due to different cause* also ftffocU (he 
thermopile when the galvanometer i* very delicate* 

The requirements of 'he inatnunent necessitate in the construction 
of the grating the use of a metal of high electrical resisianre, and the 
resistance of which changes considerably with change of temperature. 
At the same time the metal requires to he tenacious as welt an ductile, 
and not liable to become oxidised or changed by exposure to the air 
The metals which seem to best meet these requirements are steel, 
platinum, and palladium. 

The bolometer has been applied by Tschqlleoff 1 in the measure^ 
□rent of dielectric constants and in (lie detection of Her (dan 
waves. 

It seeing difficult to helievu that an in&irumcnt such a.* the bolo 
meter, which depends in its action on the change of resistance nf a 
wire with temperature, a variation which is always comparatively 
small, could be made to surpass or even approach in delicacy as a 
radiometer a pro|*erly-designed and raref u 1 1 y-ci.j ti st n it ted instrumeut 
such as the thermopile, which depend* >m the thei um elfctioinolive 
fores developed by difference of temperature at the junctions of two 
dissimilar metals. If ari instrument of the latter class could tie 
constructed as delicately ns Langley's bolometer, abetter result ought 
to S>e obtained. The one point* however, hi which the Jkj lorneter has 
el great advantage is the smallness of the mass of the part to be 
heated, whereas in the thermopile, however delicate the bar* may be,, 
the moss is so large that the rate of heating and the ultimate rise of 
f.em|Krature must be comparatively -small. A thermopile cannot be 
made with bars of antimony and bismuth aa thin us the wires of the 
bolometer, and such a construct ion would be necessary in order to use 
the thermo-eleetroUiQtive force w ith the R&ffiO advantage an the varia¬ 
tion of reclame is in the bolometer* If the connecting wires had no 
resistance no advantage would be gained by having more than a single 
pair of bars in the pile, provided the galvanometer were properly 

1 Tn^*|lt*ff, Juunul if* 1 fn .VwrtW fApi'® 1600, pu 11&, 
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proportioned, and the mass of the instrument would be greatly 
diminished. The problem on hand ia then reduced to the invention 
of some delicate method of detecting the current in a single couple, 
and the solution of this problem haa been given by Professor C. V. 
Boys in the beautiful instrument named the rftdio-micrometer + 

27 L The Radio Micrometer.—The active part of the instrument 
devised by Professor Boys 1 (the radio-micrometer) consists of a very 
light circuit (Fig, 164) composed of a single loop of line bare copper 
wire* to the lower ends of which a pair of very light bars of antimony 
and bismuth 1 are soldered. These burs form a thermo-electric eonple, 
and the circuit is completed by soldering them side by side at their 
lower ends to a very small disc of ill in copper, or (if the instrument 
ift intended for spectrum analysis) to a very narrow strip of copper 
foil on which the radiation h received. When radiation falls on 
this disc the lower junction of the couple becomes heated and a 
current traverse the circuit, and in order to detect this the circuit 
is suspended in a strong magnetic field (Fig. 165), in which it is 
deflected, a a lit the case of Thomson’s siphon recorder, or the. moving 
coil galvanometer. 3 U thus possesses all the advantages of an ideal 
thermopile of exceedingly small mass, while the current is detected 
w ithout lIil.- aid of a separate galvanometer. 

The circuit is suspended by bting attached to the lower end of a 
very thin capillary gins* tube, 5 cm. long, which is suspended by a 
quartz fibre nuda by the bo w-ui id-arrow* process. 4 Close to the top 
of the tube a very light galvanometer mirror is fastened, gi> that any 
heat which may fall upon it has no influence on the circuit below. 
The circuit of copper wire hangs in a narrow hole within a muss of 

1 a v. nojri., mi, Tt*t** r ci*xx. t a, p. uss-st* /An*, &*, Atu, 
mh Ovt^wieea 

- Alloy * of Ihn« imUh a» pr^faribk. Thus, m Ptofeat* Roys point* out, 
32 Bi t 1 SIi b belter thin Ri in ihr ratio 10; p, *ml 12 B1+ I Kel i> titter thi»Sb ± 
again 10 Bi + l STj a ml Sbaud Cd in equivileut fifopnrtionfl ara *li]l better, hi] l 
the latter alloy IS tXrtDblnamB to ir^rlc. The dftiCfiilalla of the eLnult employed 
wdre t Thirnuc-eleetrie IjWi \ > 7 \ inch ; No. JJ& copper wire mudfl into a circuit 
3 inch lung *tid about inch wide*; u copier heat-receiving flur&Ce all unit inch 
diAlMter, end MiiekiJiH'd on tli» aide eipofwil to the radiation ' mirror T \ inch ji^uare 
urn] ,iq inch thlfilL The cju*rtx Ibre w*a 4 indtet Icftg and ^ u»lt thick, ami 
the weight of the rompletft circuit «■.* half a grmin. 

4 This principle of fixed magnet and morabla coil appears to have batn cut ployed 
by Sturgeon ** early I&lti. and M. D Antouvab on 6th Febnurv lflSti, exhibited, 
at a meeting Of the 1'hysfeal Society of Fr^nci?, nu Instrument ulbd i»y lutu the 
thermo-gilvanomeU l:, with which the radio micrometer of Boy* *« identical an ml] 
assent!al reSfiectu. In detail, however, the two i its tru mints differ essentially [ hut 
wheu Profortor Boye hoewne a^uaim- rl with the wort of iJ’Arvanval, h* at once 
folly admitted the claim of the latter to priority* 

J Set ptxtL AM., June 1537. 
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brass situated between the pole-piec*^ SS, of a powerful permanent 
’ steal magnet, and the little bars of an time ay and bismuth (or allay) 
hang below within a cavity drilled out of a mass of soft iron, where 
the radiation falls u|mn the junction through a transverse ajicrtnre 
(Fig, 1S5), Thus* white the circuit hangs in a strong magrcetiy held, 
the central mass of soft iron (shaded dark in Kag. 1 hr?) screens the 
antimony and bismuth, and prevents any trouble arising from dia¬ 
magnetism., ftuoh disturbances have been completely overcome 
that a strong magnet may ho moved about close tin the instrument 
without affecting it. 



via icu, 164 


Fig* 1GG shows the whole instrument enclosed within a thick 
wooden cover (dotted outline), which prevents external radiation and 
draughts from falling upon and unequally wanning the metal cavity. 
Attached to this w ooden cover is a |sapor tube, which projects in front 
of the chamber containing the thermo-electric pair. The radiation 
enters through this tube, and it is lilted with a aeries of diaphragms 
such as Langley need with his bolometer. A glass window doses Mia 
back of the chamber, so that it is possible to see whether the radiation 
falls upon the copper disc as intended, while the glass protects the 
junction from the dark heat of the eve. 
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decrement may be vaiM rtt will. A fun.her advantage in that in 
apftctrOKopie work the radiition may be limited by a narrow slit 
without seriously reducing ihe sensibility of rho inetriuncut. On 
the other baud, it must, like i he galvanometer, he kepi in :l fixed 
position, and cannot 1w handled or pointed in other than a horizontal 
direction, so Kind in ihis respect it is convenient than thermopile 
or bolometer. 

The rmikninicrometer may he imtd rlirerentinllj by placing a 
second couple in the upper end of the circuit, nod this may be 
furnished with a eapamic window, ... that the radiation from one 


Besidci Eta extreme quickness of actum mid delicacy, the advan¬ 
tages claimed for this instrument are its freedom from extraneous 
thermal and magnetic influences, the circuit being suspended in a 
cavity within a mass of metal* It has uleo a constant and definite 
zero, given by the control of the ana pending fibre, and this being 
of quartz, the difficulties caused by the uncertain behaviour of 
silk under varying conditions of temperature and humidity a re 
obviated. The sensibility of the apparatus may also be varied at 
pleasure, rind it may bo rendered n dead beat,* or its logarithmic 
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source may fall on one couple, tmd the other may he exposed at the 
same time to the radiation from any other source. 

besides Idng vastly more sensitive than the thermopile, the radio- 
micrometer has a further advantage, which in most important in 
astronomical work, for a measure can he effected with it in a 
few r seconds instead of the several minute?* necessary to the older 
apparatus. So great was the delicacy of the apparatus constructed 
by Boys that the radiation received by the mirror of a telcsco^ 
of 16 inches aperture from a candle situated at a distance of 
between 2 and 3 tudes w a a* distinctly observable, and an amount 
of heat of about r j^We °f that, received from the full moon could 
be detected with certainty. It was, therefore, legitimately hoped 
that this instrument would settle the ij neat a on to whether or 

not any radiation from the fixed stars bail yet been perceived. 
Experiments in this direction had Ijcoit made in IStifl by Huggins 1 
with the thermopile; hut although the results did not proto con¬ 
clusively that the thermopile was capable of detecting such feeble 
radiation, yet they made it exceedingly probable that the effects 
observed were really due to stellar radiation r A year later Mr. 
Stone,- using the groat equatorial at Greenwich and n single couple, 
found that at night every slight change in the sky, even though 
invisible to the eye, so disturbed the galvanometer that ii was 
impossible to distinguish Iks i ween effect* due to the a tars and those 
caused by the varying clearness of the sky. This difficulty was largely 
obviated by placing in the focal plane of the object-glass two thermo¬ 
electric j jail's so cQruiMl«d that the heating of the exposed face of emc 
would produce an effect opposite in kind to that produced by tin 
heating of the exposed face of the other. Under these conditions a 
change in the sky affected the two fanes equally or nearly so, and the 
galvanometer was not disturbed by variations of the sky; but if a star 
were allowed to shine fir/t on one face and then on the other, cor¬ 
responding deflections in opposite directions ought to be obtained. 
TWA arrangement had been employed previously by Lord lvo**e * in 
his experiments on the heat of t he muon. Mr. Stone concluded fiiim 
his experiments that the radiation from Arctmu* heated the fare of tin- 
pile through about of a degree Fahrenheit. a quantity which might 
be registered by any well-constructed liquid-in-glass thermometer t 
With the radio inicrometer, however, which is vEustly more sensitive 
than the thermopile, and which would detect with certainty a radiation 

1 Wni. Eldggtai. /W. R'"ir .Vus„ vol. _vvia, p. 30G P JSG9. 

1 fc, J. Surat, Pri*\ Ray* vol. xviiL \k ise fc Wl», 

: Lord /Vtfd. Jhjf. voL .wii, \k 
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enormously le*^ than that of the full moon. Boys 1 could find no 
radiation effect from Arctomja or any other star or planet, and he 
hns consequently proved that no heating effect from the stars has 
yet been observed. 

272. [Liimmer and Kurlbaum's Bolometer,—An improved form 
of bolometer has been constructed and used by Profs. Luminur and 
Knrlbaum 3 for the purpose of studying ihe laws of radiation. As in 
Langley s instrument,, the conductor exposed to the radiation consists 
of a zig-zag strip of platinum cut from a single thin sheet of metal, 
blit ins tend- of one such grating, four are used 5 all prepared in exactly 
the same way- these form the four brandies of the Wheatstone^ 
bridge. The advantage of this arrange mem is that* all four brunches 
being exactly feimihir, a slight change in the tem|>eratiirc of the 
apparatus produces an equal effect on all the branches, ho that the 
balance is not disturbed, and the troublesome drift of the zero point 
id avoided. Besides, two gratings belonging to opposite arm* of the 
bridge are placed one immediately behind the other, so that the strips 
of the one cover the gaps of the other, and both being exposed to the 
isms radiation, the effect is doubled, 

Tn order to obtain four gratings of exactly the same character, 
neither gold-leaf nor tin-foil nor platinum-foil could be mwh Tin¬ 
foil or platinum-foil would Imi too thick fora vary delicate instrument, 
and gold-leaf U not sufficiently uniform in thickness. The gratings 
wore constructed of platinum in the following wav. 

A died of platinum was attached by heat to a sheet of silver ten 



a? ‘‘if 

Fty. IA 7 . 



times a* thick, and the whole rolled out till the thickness of the 
platinum was reduced to 0-0005 of a millimetre or less. Four similar 
gratings of the shape shown in Fig 157 were cut from the composite 
sheet mid fasten ed, by means of a solution of colophon him in ether, 
to square frames of date, as exhiliilcd in Fig. 166, When the grating 
had been ad jutted in a symmetrical position the ether was driven off 
by heat. The ends h of the *trip were soldered to copper contact 

1 r - V. /V«. AV V , Sttf .,, Vij]. %\vii. p. Vtfs r 1 S 90 . 
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pieces w and and these,, ns well ns L he broad elliowa of the si rip 
m t*t\ covered with Japan lacquer. The si Ivor was dissolved off the 
parts not protected by the lacquer by means of nitric acid. After 
careful washing and drying, the platinum strips were blackened on 
one side hy the smoke of a specially constructed lamp. In the later 
forma plEitimiin black was used. Fig. IGfl show s tho Appearance of the 
reverse side of the frame, w hich fa exposed to the radi&fiom The slate 
k bevelled along the edges to which the grilling is fastened. 

Fig, 170 gives a diagrammatic representation of the connect suns. 
B is the battery p W an adjustable wietanco* tf a sliding contact 
resistance or rheoebord for obtaining an exact balance, and K ? etc,, 



Yi-v. lffi' L 





the cop^r contact pieces of the gratings. The grating are numbered 
U X 3, 4, and it will be noticed that the opposite arm* of the bridge 
are arranged together. Each bolometer grating ha* a resistance of 
about GO ohms. 

The complete instrument is represented in Fig. 171. The frames 
are fixed in pairs in india-rubber casings, h, //, which have openings 
ss to allow' free postage of air between the frames. Part of one of 
the ch&ihga is removed in the figure, as well as a portion of each 
grating, *0 aa to show the arrangement. The prints K,, K^, \\. M are 
the same us in Fig. 170, A blackened metal plate ^ between the 
stands h and A prevent any rays which penetrate between the strips 
of both gratings being reflected or allowed iu fall on [he other pair. 

The platinum stripe, being very thin, have a large surface compared 
to their mass, and hence, when exposed to radiation, equilibrium h 
attained in less than 4 seconds Their relatively large cooling 
surface also admits of the use of a current-*Ionsiiy 40 times as great 
as is usual with thick resistances. The silver not being removed from 
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the angles of the grating*, these have a small resistance, mnl ihc 
resistance of the «xjios«iI parts constitutes nearly the whole resistance 
of the amt of the bridge. The inventors da tin that an accuracy of 
about 0-01 jper cent can be attained with this instrument. 



H|!. 1T1. 


This I io tomt-tcr is dcsigtictl for the purpose of niettsiiring the total 
radial ion from a source. In order to measure the distribution of 
energy in a sfwctraiu, a tine bolometer must be used. In such an 
instrument, instead of a grating a single narrow strip of platinum i* 
used. Thiii should las made as thin as possible, jf the delicacy of the 
instrument is to be preserved.] 

if3. Other Seneitivo HadiometerE.-- A modilie*li..n of the differential iher- 
monieter Jut. beta devisoi! by fWeasor H. F. Webrr, 1 of /.urirli, which lie rail* a 
m j.-n .. nv I i oincter, and for which b< claim* dsliwy that wit] detect one hundred- 
•niJlioBth of a iIi-giH. In this last rumen! the two tm lb* of tlm dUftTim h . | thtrwnun 
.■t.-r arc replace.! by two tliin bus-., of htn**, end „f raefc of which „f 

a plate ,.f rodc-nlt. This. texc* jrc attached to the two enrfa of a narrow elaiu 
lul.o. the I"JH. ..I which ia about 3 nj. mm. ill urea. Sear e»h end „f thin tnbi- a 
Muatl hi,]t, is. hi..on, ami three Imlh* and ftbotll Ji dim. of the lube at each qfr 
All.*! with O anlutioh of sulphate of zinc, which is provelitcd IjV .'j].illory notion from 
entering the l*«es at tlm eti.li, .mil the middle of the tube (between the i s 

Iill.-.l with tatreury. Sow, if one hex is w.nmcl the liquid m the tube j f driven 
ton an! s the oilier, anil thi. >iisj.hi,ment is dcr.cl.il Hrclririltv by t J„. & 

mm. nr of zinc sulphate nt each cud. between the ,|nall bn lb,'and the men urr 

to form the two anil* of a WheatatOne* hti.lKe, the other two arm, _t-cw 

juiir of rcsiataneea, which an- put into connection with the sulphate „r x iiK 

by wire* Hal«l into the bnlfce. Thus when any displacement occurs „n« .*.1- ([ f 

the zinc ,□ Ipliate is lengthened while .her i, shortened, ,0 that the _ 

,.f on, arm fo increased while that of the other is diminished, and both „u«.* ™„- 
spirc todisturb tlm * 9 nilLbrimH of the bridges With [|,ia complex opparalns Welter 
states that the h,:it id ill, mol produced an oscillation of 100 scale dii laloa* of eJ .e 


1 Weber. JccA.Tlra th tiewrr, 1887, p. 3*1. See Prulessor lm> -Cantor 
(etc torn* '■ Jaurni‘l o/ lAc SwiWy t>f Arts, 30th September Jjau. 
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A delicate iiialrunmnt for detecting thefrnud radiation has Iran cMietrnoted by Truimeb-r. 
Edison, and m uumd tbe lWn*ter. In this iiu-trimimt tlic* prt of the apparatus 
exposed to radiation w a thin atrip of vulcanite, whieb ia uippurled bfttweim a were* 
at one cn« I and a cirtiOR realstnncB at tike other* mi that when itt i S|t4ndi It pressca 
4 jfjLHiit tljHO- cat boa,. hi b-ti jw lLs iijlis i^1 1 tbo (Iwhicil ifailtAEOfl of the circuit In 
d^ribihg this apparatus Profaaeor Rartfstt 1 say a; Thu fawtt radiated from olio 
linger held near the cone i# motis than fttffidlllt to drive l]n- galvtUKidLc-ter L i hIl-tc 
light botcu and off" th# i£fflk r In a lotler relating to this trtlHter Mr. Edison 
writeft to ell* as follow*; holding a lighted rigw heweral feet I liw 

thrown this light right dF th*- -rate, ami by imcrairing the d#Koacy of tip galvam 
onictcr the tadmenir may b* nude so Sensitive that Lhe boat from J'olir hiniy, wlii-h- 
shading S feet from il ami Eli a Hue with the cone, Will throw the light off the 
seals, and the radiation from a gmajoL 100 foot a way, giv*a a »«dble dc Heel folk/” 

It thlli appsara LluL Ibis instrument flliniwres favourably in delicacy with Shi- 
thennoidle, hut that it is Fiir behind the radia-mierntrater* either w n detector or a 
trustworthy ineU'^r 

Professor A. A. Mihbtllnu B ho# also era ployed tike large cOrHietent of expansion UkbMaau 
of 7 v llS'-jlij itv in the collet ruction of n sensitive thermometer !•* this instrument a 
^erv thin plate of vulcanite P gummed toiu e^tiel plate of elajiH -ifl unu. 

long, 1 uim. broad, Had 0-1 mm. thick. The lower extremity of this pUto is 
gjced while the upper is gum and to * thin g\*m index h the end j d wlm-h is 1 n-eu at 
a right augk\ ami pt™e* against a mirror vu» panda) by a thread, ’When tha 
temperature rls** tins double plate of nipper and vultanitr lilirve*, owing to the 
unequal dilatation* of the two substem**#, xml this mutton is transmitted by the 
gLoa* thread to tint mirror whose deduction ia noted by tbe nation of a ajut of 
light on a icale* Thr form of tlic eumpound strip h rectangular, »> that the 
inatrumeut In Ay fa® used in Pptttnun analysw : hut if it i* to be employed mutely 
a tlkerm« 3 *Ojw s thu strife may Iik rotkd in the lnnw of :i helix after ill"' mannvr of 
Hfuguet'e metallic thaiTOonieter K ami tin 1 AffiLriitivcmrs> in thereby greatly iwTO*«d, 

B«ddus its eimpliclty (a galvaliomuler not being mplircdb the ndvantegCM claimed 
for iIuh i EiHtrument aro ijniek aclioii, facility of regulation, eml l xtreniowcmiEtlvetu 

A sensitive thermalJ* P depending hi lU indication# on the air onrrenL# set up 
in an unequally heated coEnpartment, ™ dcci^d by Joule. 3 A glass tube, 'i feet 
\ m& ami | iuehea in dtnmytcr, i* divtdrd longitudinally into ten MrtnjvrinM^t* by 
a hbcktmr 1 paeUboard diaphragm, leaving spieoa at this Uip and hot tom abnmt 3 
im-b widOt the duphragm being about 2 inehi^ shorter than the tube. In tbn sjwe 
at the upper end a #fnalL nmgnetlflad ^wing-uivdle p furniabeil with a gU^ inde^ 
th Anapended by a silk thread. The tufa* is thna divided into two re i n part man t* by 
a plane through itaoxis, and if the teHi|^miure in one of thtUBk ch*inl»r# ix higher 
than in the t»Lher a llow of air tak«> place from the warmer to the colder ihoTO, and 
from the coklcr to the wanner Iwlffn-. The suspended elm dk is defleL-trd by thin 
uurrent r and tfaa whM vein>^ of the ipparalns be.?oiue« greater M the directive fnriw 
of the netfdla is diminished. The licet of the moon i light wa# easily detect *d by 
zuamt of this inatnunent^ 

[Among other iimtrnmcuts may h* mentioned the radiaiiul.-r Art. 11K3), which 
k a rtdLeap- lUH-aenring apperatm*; hut tin* giass vr^d In whieti tbu radimneler h 
rdclosMl in soluctiriJCffl *P objection to the U*e of the iiutruuient. An improved form 
of thermopile baa been deigned by I'raksiwt Ruben*,* which L# very st-iihitivo. | 


1 \l r P y, liarTtlt, Tch'jrnpb iC Journal, \itth No vender 1HT8. 
Albert A. MiobflWa, Journal d* Fniprtj\** t tom. i- p. 1*3. I s *- 
* JuLile, /Vot Mtawshrltes JAr. ttnti Wril. Soc. > vol. Hi p 73. 

J ZritocAr* fir IndrurAen{*Aiux4<!, \H i i, p. t55 r 18®S, 
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274. [Radiation in an Enclosure at Uniform Temperature. 

Ll(. un now ranaickr the nature of the radiation within an enclosure* 
ihf wait* of which arm maintained :*t a uni form tempenLtuL-e. For con- 
veiuente, we may suppose i he teiuperatnre to be a red or white heat, 
and that there is a small opening in the heated vessel through 
which we cun introduce various bodies and watch what is going on 
inside. 

If wo introduce pieces of different floured substances, such as red 
or green glass, polished platinum or gold, etc., wc shall find that these 
bodies lose their distinctive appearance as soon as they have attained 
the temperature of their surroundings; in fact, they will be indis. 
tingnisfanble from the walls of the enclosure. In the same way, it is 
not easy to ace bodies placed in the middle of a good lire, where the 
above conditions are approximately realised. 

This phenomenon is due to the equality of the radiation and 
absorption of a body at a, uniform temperature. The green glass, for 
instance, powerfully absorbs the red rays coming from the back of the 
enclosure, bin it omits an equal quantity of red rays on its own 
account, owing to iu high tem fiend ure. This could be proved by 
rapidly taking it out of the white hot vessel and examining it in the 
dark, When it would be seen to glow with a red light. A piece of red 
glass under similar circumslances would glow with a greenish light. 
A piece of polished metal placed in the enclosure would atop the iuys 
coming from the buck of the enclosure, but would reflect those falling 
un its surface, so that in this ease also it would appear of exactly the 
same colour as its surroundings. Common salt, being highly dift- 
iherniacitins, emits very little radiation when heated. If melted in a 
crucible at a bright red heat it appears as bright as the crucible, but 
when [mured out, it looks almost like water, though there is a faint 
red glow on solidification. Thus we aeu that, within a vessel at a 
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1 mi form temperature, all bodies radiate in a similar way, ji we include 
in their radialions the ray* which ihey transmit, reflect, or scatter. 

If we assume the principle thut the radiations given out by a body 
depend only on its temperature and the nature of its substance, and 
not at all on the radiation* which it receives, 3 we can *how that the 
radiation within an enclosure at uni form temperature k independent, 
both as regards its character and intensity, of thu nature of the 
material of which the walls of the vessel are made. Suppose that we 
have within the enclosure two plates of the same material A and E 
(Fig. 172), and that A is receiving radiations from ihc externa] envelope 
E If A and It lire at the same constant tempera- 
tare, equal amounts of energy will be radiated from 
A to B and from B to A, A is therefore neither r 

gaining nor losing energy G n the side towards B; - 
and as its temperature is not changing* it must be 
radluting towards K an amount of energy equal to 
that which it receives, A*, by ihe above principle, the radiation of 
A ifl the same on both sides, it must he sending to li the same 
quantity of energy which it receives front E, And she quality sis 
well as the ymmitty of the radiation which H receive- from A must be 
similar to that of the radiation which A receives from E : for since 
the coefficient of absorption of a materia! depends on she quality 
(wave-length, oU\) of the incident radiation. B would not absorb tIn¬ 
flame proportion of the incident rays a* A if the two radiations differed 
iu character, which it must do, ha it Is at the same constant tempera 
tur*. 

Wo eouchule, therefore, that si body in temperature equilibrium 
with iu surroundings emits tudiaiions precisely similar to those which 
it receives. The radiations within an enclosure at uniform tempera¬ 
ture will accordingly not be changed in character by altering the 
material of the wall* either in part or in whole. 

]t ought to be home in mind that such bodies as glass lose their 
characteristic radiating peculiarities only while they remain in such cm 
enclosure, for when taken out of it and viewed in the dart, they 
resume those peculiarities; thus colon rices glass gives out very litile 
light, coal and black jjorcelaici a great deal. Indeed, it k only the 
light from a black body that represents by itself the brightness of (he 
enclosure, and such a body when taken out and hastily examined in 
the dark, without allowing it tint® to cool will be found to give out 

1 Tltft ray* given eat bj flnotcacent an<3 phos^Ws^nt bodac* depend on Ihv 
rwlifttifiii* which they receive All atwfc budit* arc therefor* to K* ofideded from (he 

jifi'M'ELt difiCU4fllut3, 
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ra J* a having a brightness in all reaped s the saine as that of the en¬ 
closure in which it wses placed, because, being;npw)tieaud non •reflective, 
alt the light “'Inch it gave out in the enclosure was proper to itself, 
none having passed through its substance or been reflected from its 
surface: it therefore retains this light when taken into the dark, pro¬ 
vided its temperature is not in the meantime allowed to fall. 

liy considerations of this kind Kirch hoff was led to form the con¬ 
ception of a per ferity hlitei Wj, i,t. a body which absorbs all the 
radiations which fall upon it, of whatever wave-length they may be. 
The radiation given out by such a body would possess n character 
indc|MHtdcnt of the property of any particular substance, for it would 
be the same as the radiation within an enclosure at uniform tempera¬ 
ture. W e know of no substance which is perfectly black in this sense, 
Imt we can study the radiation within » uniformly heated enclosure, 
and thus investigate the properties of a perfectly black body, 

i In: important fundamental principle, proved above, and u po n 
which the conception of a perfectly black body is Used,—namely, that 
the radiation within a uniformly baited enclosure depends on Lhe 
temperature of the enclosure and on nothing else,—was arrived at in. 
dependency by Balfour Stewart and Kirchboff about the year I *58. J„ 
the discussion here given Balfour Stewart's lino of reasoning Is followed. 1 

Kirchhoff expressed the conviction that the laws governing the 
radial to us within an enclosure at uniform temperature would be found 
to lie of a simple character, like all known relations which do not 
depend on the specific properties of bodies.- 

275, Emissive and Absorptive Powers — KirehhofTs Law, _ If 

radiations of a given wave-length A fall on the surface of any body, 
then the absorptive power of (he body for that wave-length, which we 
may denote by a At is defined by KirclihofT lobe the ratio of th* mdiant 
eiu-fi/it nbmrbtd h thn Mat inrilait rudient tnnyy* .Since a perfectly 
black body absorbs all i lie radiations which fall upon it, the value of o* 
for such a body is unity, whatever the wave-length may I* ; but for 
all actual substances the absorptive power h a proper fraction, the 
value of which depends on the nature of the body, on its temperature, 
and on the wave lengths of the incident radiation. The more closely 
a body realises the conditions of a black body, the more nearly will 
the value of «* approach unity for all values of A. 

If <v/A is the radiant energy comprised between wave-lengths A 
and A +- rfA which is given out per second by unit surface of any body, 
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ihen r when is made infinitely email, the quantity r* i* called the 
ammre [nicer 1 of the body for the ware-loEgth A. The emissive 
power of a body is also a function of tho wavelengths temperature, 
and the nature of the body. The a&sotule emissive power of a body 
is the emissive power of the body ftt n temperature of 1 absolutc p i.e. 
the energy of wave-length A radiated per second by unit surface to a 
surrounding enclosure at absolute zero, 

Suppose that we have a heated chamber at uniform temperature, 
within which are pieces of different substances. As has been shown 
ill the preceding article, the radiation within the chamber will be 
uniform and independent of the nature ol the walls or enclosed bodies. 

Thus if dQ is the quantity of energy between wave-lengths A and 
A + dA received m ono second by unit surface of any of the bodies, 
e/Q will be the same for all bodies. Oi this energy any body 
whose absorptive power is n A will absorb a fraction < 1 * 4/1 J. while the 
remainder (l - <i A )dQ will be reflected or transmitted. If r k is the 
emissive jK>wer of the body for wave-length A, the energy emitted 
witl be r^fA, if we consider only the emission proper to the body lit 
virtue of its temperature. The total energy sent out by unit surface 
of the body is then (1 ■ u A )dQ + A, and ibis h equal to the energy 
recoivedp so that 

(1 d A )JQtr A EfA = rf^. 

In the case of u perfectly hkek body, - K bo that if E x is its- 
emissive power we have 

K^-dQ. 

therefore 

( 1 - 4 -^ E a * - * * * (1) 

or 

so that,JW ratlktimte of the sam*' Hxiw-kugtk and themme Umjtrratitr^ Mr KirAhc.fr 
emissive power divided h the uhmrplire pouter is the same for all Mies bw 
anJ i s fymi to the missive power of a j^rjcdly Marl- Mtf. This is 
known a® KircbholTs law. 

In the ease of bodies Uko metals, which transmit none of the 
radiation®, the energy which h not absorbed is rejected, so that we 

where R a is the reflecting power for wave-length A. Equation (1) of 

1 St-i* hu irCiclr by 0. lfflWr in thr Rapport*pr&enMs urn CxmgrrM JuUniaiiotwi 

de Fktfiiftv, pftriav \000r The dvfinitiens ef absorptive and emiwiviJ rowen h*re 
givon are mt liirtM: usually followed* 
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lbiii article may then Ins written 

E a R a . 

w T hn b expresses the fact that if we restore to any body tho radiations 
which escape il hy reason of its reflecting |K>wer, it will radiate as a 
black body. 

In what precedes the radiation spoken of must he understood to 
be completely diffused, that is, the rays are travelling equally in all 
directions. 

If we consider a small clement of area dt of a radiating surface, and 
confine our attention to rays of ware-lengths included within the 
limits A and A + dk, wo sec that the quantity of energy' radiated per 
second within a small solid angle i/m in a direction perpendicular to 
Js may be expressed in the form i K dsti*>dk, where i A is a constant 
for each wave-length A t and depends only on the nature of the body 
and its temperature. 

The energy emitted per second in a direction OA (l’ig, 173), making 
an angle it with the normal to ih, and comprised 
within a small solid angle dot, is, hy the law r of 
cosines, equal to i k cua edtiwdX, To find the 
total energy |ier second, draw a hemisphere of 
radius r round One centre ; then the area of the 
ring-element of area ABB A' is sin ti d$, 
and the solid angle which it subtends at 0 is 2* $t n 0 M, so that the 
energy per seecmd emitted within this solid angle is 

hiti S i’(»h 0 it* d\ t ^2} p 

and we have, by integration, since the total energy emitted in all 
directions is lyJWA, 



-- | * Bin tf ** dH, t 

} fj 


B B 


\\ « mil also expms the density of tho energy in 4 space uniformly 
filled with radiations in terms of the emissive power. For if wc draw 
n plane AB (Fig. 1 74) parallel u> a rod in ting piano X Y at a distance h 
from it; then the energy radiated per second 
hy an element of surface d$ ia, for the same 
solid angle* 2nd*sin 0 em6dsdhdS hy 
Sow the distance UA is h sec IK therefore if 
* is the velocity of light, the time taken to 
reach A is h see d ic r and the energy sent * 
out in this time, that ^ the energy which 
fills the small space described by the revolution of OAA J round 
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GM, is 


Mri'j . A bin ^ flWXdtf. 


If we suppOM ft very snntll, then we may integrate for H from 0 to 


7 n therefor* the energy between the planes due to f/j is 



But if i .4 the energy per unit volume, the space between the plane*, 
jit n distance from their edges, contains for every element ds n quantity 
of energy rfifih*h r therefore 4 

A|r=*?\A= U *4X.H), 

C 


w here the expression is doubled, so iu to include the W)Oal number of 
ravs which are travelling towards X V 

■lE 

For a perfectly black body We shall call the quantity 

4K / f : the intattity of black-body radiation for the waive lengih A* 

The total emission S front unit surface for all radiation* ?a given 
by the equation 

3= I " r x 4\ = tj V i = '|’ 

where 4' ia the density for all radiations in an enclosed space at 
uniform temperature* 

If for any body the value of the absorptive power n k were a con 
ebaiit for all values of A, we should have 

£_ | rt A E A fifX^d A | K A rf\. 

J H J ft 

A body of this nature would be called n jrftrfh w* My, and it* 
nldution would bo, for alt wave-IengtH* proportions! tq that of a 
perfectly black body. No systematic search hu been made for ouch a 
substance.] 

276 . Stettin's Law. - In 1879-1. Stefan 1 suggested the law that 
the total radiation of any body i* proportional to the fourth power of 
its absolute temperature. He was led to this conclusion by the result 
of an experiment oi Tyndalls in which the radiations ol a platinum 
wire at a white beat (1*200' C.) and sit a red heat (52f>° €. j were in the 

ratio 11*7- Stefan noticed that the ratio ', 1 ^. » «q“* 1 to 

11-6. On testing the law by the results of Oolong and I’etit's 
J ;(Vn. A fad* Sit-, l-rd. Ixtis. ji. 3&1. 1 $70, 


*60 


THEORY Ob' BRAT 


tfUA*. V| 


experiment^ he found that it was well satisfied. Other observers 
have found corwiderable deviutiorus from this law. Wo shall see 
presently f Art- 278) that for the radiation of a black body Stefans 
law has been verified by Luiumer and Pringsfaeim. It is not strictly 
ime for other bodies. In using this law we must take account of 
the radiation received by the black body. Thus if its absolute 
temperature is B, and it radiates to surroundings at Q rr C rj the energy 
lost per second by unit area is 

$=^ 0 * - 2“3 + i a 

where v is a constant. 

This law has been theoretically deduced by L. Boltzmann 1 from 
the principles of thermodynamics and the electromagnetic theory of 
light, and hence is often referred to as the Stcfan-Boltzmann law (see 
Art 280). 

277. [Distribution of Energy in the Spectrum. — The earlier 
experiments on the distribution of energy in the spectrum we re made 
on the spectrum of the sun. ]n 1800 Herschel discovered the existence 
of ihe in visible infra-red rays by observing the heating effect on a ther¬ 
mometer placed beyond the red end of the solar spectrum. Uerschel 
found the maximum of energy to be situated in the infra-red. Before 
him Landriam, Rodion, and Sunnebier had found I he maximum energy 
in the yellow or red. Later still Seebcck, employing prisma of 
different materials to produce the spectrum^ found that with flint 
glass the maximum calorific effect wm in the infra-red; with crown 
glass t in the red ; and with water and other substances, in the yellow. 
Mel I oni showed that these differences could be accounted for by the 
absorption of the rays by the material of tho prism. Using the meet 
diatherinanoLis substance, rock-salt, he found the maximum energy to 
be in the infra-red. 

Tl is obvious that the distribution of energy will depend on the 
dispersion of the prism as well as on its selective absorption. The 
normal spectrum obtained by the use of a diffraction grating was first 
employed by Draper* His experiments indicated that tho maximum 
heating effect in the solar spectrum was situated in the yellow, Ihe 
diffraction grating docs net appear, however, to give very satisfactory 
rcstiUs. The spectra overlap, the dark part of the lirat spectrum being 
superposed on the visible part of ihe second* and so on. 

The best way to determine ihe law of distribution in the normal 
spectrum i^ to find the distribution in an ordinary refraction spectrum 
and calculate the corresponding distribution in the normal spectrum, 

i Jiw, Ann v fkl. nlL ip. as mt\ soi t i93i. 
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knowing the relative rixs]>ersiou. Luudqnist* employing Cauchy's 
formula of dispersion, first adopted this method. He also mud a 
allowiirice for the width of the thermopile. 

The results so far obtained were not of a high order of precision, 
as the thermopile, which was the instrument used for measuring the 
energy of the radiations, is not, in its ordinary form, cag table of very 
great accuracy. But after the Invention of ihc bolometer by Langley, 
great progress began to la: made in these measurements. 

278, Experiments of Lurnmer and Pringsheim. 1 —The laws 
governing the radiations within an enclosed space at uniform tempera¬ 
ture have been experimentally studied by u number of physicists* 
amongst whom Professors bumntcr and Prlngahemi hold an important 
place. Wo shall describe here the method of investigation pursued by 



ns. iTt 


thorn in studying the variation with temperature of the Iota! radial ion 
from such an enclosure, and the distribution of energy in ils spec! ruin. 
In Incure it w ill be generally convenient^ when speaking of the radia 
tioii within a uniformly heated enclosure, to refer to such an enclosure 
at a “black body.” 

The experiments on the tots! radial ion from a black body were 
carried out for a range of temperature between 3 00' and 1300 C, 
The apparatus is shown in Pig, I 7u, 

A is a double waited vessel of sheet copfsor blackened inside. The 
space between the walls contains water which is kept balling. A 
condenser 4 prevent* the escape of steam into the room. The temper* 
time of the water is given by the thermometer u T The vessel A is 
used to etandardke the instrument which measures the rndiniioh, 

2 o 
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Between the temperatures *00 : unci 600 C, h copper sphere B ? 
coated inside with phi mum black, was used. ]t was enclosed m an 
iron vessel rs filled with a mixture of sodium and potassium nitrates 
which melts at 2l f J C+ It was heated by a burner f r which was 
supplied with a regulated supply of gas and air, so that the tempera¬ 
ture could be kept eon*taut To secure uniformity in heating, the 
gases of combust ion pissed all round rr T and a stirrer it was used to 
equalise the temperature of the nitre bath. The temperature was 
measured by a high-pressure mercury thermometer and by a thermo¬ 
element. The opening of B was surrounded by a vessel rr through 
which a current of water at atmospheric temperature Hawed. At each 
end of the bench mm was fixed a diaphragm q with a movable shutter 
r T through both which a current of water at atmospheric temperature 
also flowed. The temperature of the water could be accurately 


E *: 

u 




Fin. 17*. 


regulated. The water-filled vessels m and q protected tlie bolometer 
from radiation from the outside of the boated chamber. 

The radiant energy was measured by means of a Lunimer Kurlhaiiin 
bolometer G, represented on a larger scale in Fig, 176. Its distance 
from the black body could he varied by running it along the bench 
eiui (Fig. ITS)- The two pairs of gratings of the bolometer (tee Art. 
272) ore shown at y and *. The radiation reaches y through u number 
of stops, the narrowest one, trip, being just in front of the grating. 
The inside of the easing and the surfaces of the stop* wore covered, 
portly with felt and partly with black velvet- The other pair of 
gratings ir wore further protected from extraneous radiation by being 
enclosed in a cardboard box -nr, in which a i.hermomoier t is placed. 
The door y i* for the purpose of putting the instrument in alignment 
with the direction of the radiation. 

For temperatures between 600 and 1300 0. an iron cylinder (Fig. 
177) was substituted fur I he copper sphere B. Itw« coated within with 
platinum black. A porcelain tube containing a Le Chatolier thermo 
element passed through from side to side. The cylinder was enclosed 
in a double-walled gits-furnace. The temperature* were reduced to 
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ihc scale of the nitrogen thermometer from t he results of Kolbom and 
imy * eomparisonBj 

In making an observation, the shutter r wa* mined, allowing the 
rrnhatn>u to fall on [he surface of the bolometer. As soon ms the 
galvanometer needle had reached the end of its swing the shutter was 
■dosed, the point reached by the spot of light „„ the galvanometer 
scale being noted. In some experiments at high tentpemtum, the 
noodle did not completely return to its original position ; the mean of 
tbo initial ami final positions was then taken as the zero. 

In order to show that the deflection of the spot of light was 
proportional to the energy of the incident radiation, the bolometer <1 
was placed facing the black b*ly A, and the deletion at various 
distances along the bench was noted. It was found that the law of 
inverse squares woe satisfied, i.r. that the deflection was inversely 



projwrtioria] to the square of the distance of the bolometer era ling 
from the diaphragm aperture of the black body. 

It Has arranged that the do fleet ion of the spot of light should be 
alKiut 300 mm. for all temperatures. This was managed in any one 
of three ways : (i) by altering the sensitiveness of the instrument by 
means of a variable resistance which regulated the current from the 
Imtery through the Wheats We bridge ; (2) by altering the distunes 
of the bolometer from the black body; and (3) by varying the size of 
the aperture of the 6top j™. The last method was, however, noi 
adapted finally. 

In using the boiling water vessel as u standard of reference, its 
temperature was taken to be 100 C- and that of the shutter as 17 C., 
or 373°and 290 absolute respectively. The small variations in these 
temperatures were corrected for by assuming Stefan's law (see Art. 276): 
thus, to lake a particular case, the swing of the galvanometer needle 
was 336-9 scale divisions when the absolute temperatures of the 
toiling water and shutter were 373'! and 2^71 respective!v. The 

1 L. llullifjrti jjint A, Hay, Ann.dtf i'h^iik, Ikl, jL j t cej r ] SOD. 
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corrected *wing s was then calculated from the formula 

lae # l = !(73 a l v -a8T“J |1 

whence 

All she observations were reduced to a standard condition ill 
which the distance was 633 turn., the shutter temperature IT C. 5 and 
the variable resistance ItiD ohms. The diameter of the stop ww was 
16 mm . in all experiments. 

Assuming Stefan's law, that the total radiation of a black body 
is prapartwual to the fourth power of the absolute temperature, we 
have the equation 

j=c<e*-2S0 4 ] * * p - * 0) 

when c is the deviation of the needle., ami <r a constant. In the 
following table given by Ini miner and Pringsheim the temperatures 
calculated ill the fourth column are got. by putting for ir in the above 
equation its mean value 123 J 8 and computing the values of fh 


Teai pen tntiT 
(alMciliab-j. 

ObtUIod 

**1(0*. 

{Lnti s i|l:Lt 4 ?t>. 

H-»l. 

* 

3731 

156 

137 

3746 

-15 

403-5 

035 

134 

IftS-O 

+ 05 

733 

3:330 

124-3 

724 -t!l 


745 

UlQ 

136-0 

743-1 

-4-1 

610 


1*1 -fi 

60fi-5 

+^35 

ass 

6*10 

1336 

K67 -1 

+ Q'0 * 

1373 

44700 

134 

1370 

-1 

H70 

37400 

133 “1 

1463 

+ 2 

14*7 

60000 

m-v 

1-166 

+ » 

1335 

67 BOO 

123-3 

1531 

+4 


In this table three result* have been omitted which showed a 
discrepaney of more than 10 . These were all performed with the 
iron cylinder at temperature* bettor suited for the nitre hath. When 
the combustion in the fur nitre was not sufficiently rapid, equilibrium 
of temperature wan only imperfectly realised. 

It will be *een that the value of it shows no systematic variation* 
and consequently the truth of Stef an h s law may be regarded as 

established. 

[f in, equation (1) we put S for S where S i* the total loss of 
energy of unit surface (sec Art 276), then u- is the absolute emission 
of a black body. Rnrlbauiu bn* found the value of cr to be 
5 32 x I0^ l ~ watts. 

S79 t Distribution of Energy In the Spectrum of a Black Body.— 
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Experiment* were also made by Lummer and Prin^hdm 1 to determine 
the distribution of energy in the spectrum of a black body. For this 
purpose the spectrum uus produced by rtf met ion through n prism of 
fluor-spar, which k very transparent to infrared nulintiom. It has 
imleetl two strong absorption bauds hi the extreme infrared (m An. 
28$} ? bat these hre beyond the mage of Uuumer and Pringshdin s 
experiments, which extended from wavelengths of 6jw tip to about 
the beginning of the visible spectrum, ■' As the use of knwa would 
be inadmissible, the image of the slit was formed by means of n 
concave mirror. The extent of the part of tie spectrum used was 
55 times the width of the image of 
the slit + Thu radiations were pro¬ 
duced by means of an electrically 
heated cylindrical chamber the tem¬ 
perature of which wan measured by 
a thermo-element. A Lnmnier-Knr]- 
baniu l i near bolo met cr was cm |il oyo< 1 
to measure the radiant energy T the 
width being *6 mm, and the thick¬ 
ness 0 001 mm ,; its resistance for 
a length of 10 mm. was 16 ohms. 

The results were reduced to those 
for the normal spectrum by em¬ 
ploying the Kecteler ■ Helmholtz 
formula of dispersion, the constants 
of which for fluorspar have been 
determined by Faschem 3 

As the platinum strip of the 
bolometer has a certain width, it 
will measure the energy of the 
radiation for a finite, though mull, 
range comprised between certain 
wave lengths A and A + eA. It does 
not therefore strictly measure the 
intensity of emission for a definite 
wavedength, but its mean value over 

i* small ran^o. Also as thy inugt of tile slit has a finite width, the 


t 
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3 A Mfcrm or -001 (Uhl. U (taufiwlly dlenotMi bjf fi> Hie rang* of the rtrfbki 
Ujwwtrum k frnm about 0 J 7a lied) to Q r 4u .yiokt!. 

3 iVud. Anm Bd. tin. jk tfOl, 1894. 
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spectrum l s not quite pure. A methyl of correcting for the width 
of the k!it and of the bolometer is given in Art. 286, 

The results of Lu miner and PringsheusFa observations are ex¬ 
hibited iu. Fig. 176+ where the ordinates are intensities or emissive 
powers (which are preport i on*]}, and the Eihici^ir are wave-leu gibs. 
The total energy of radiation for a given temperature is represented 
by the area between the curve and the horizontal axis. This area 
increases according to the fourth power of (he absolute temperature, 
according to Stefan's law. 

Experiments have also been carrievi nut by several observers on 
the visible part of the spectrum, using a photometer instead of a 
bolometer, as the energy is very small. These, as well a vs the curve* 
of Fig. ITBj will be discussed subsequently, 

2Bti. Boltzmann's Proof of Stefan's Law.— According to the 
electromagnetic theory of light, when light i^ incident perpendicularly 
uti a plane surface which i> perfectly reflecting, it exerts a pressure 
on the surface equal to the density of the energy r>f the radiation* 1 
lf K instead of a parallel beam, the light is incident hi all directions, 
then the pressure it equal lo one third of the density of the energy 
(compare the ease of the pmsure of a gas, Art. 55}. If then a reflect¬ 
ing surface he moved against incident radiation, work must be done. 
The demonstration of Stefan's law depends on the application of this 
principle to an imaginary process suggested by Rartoli* 

Let AC (Fig. 179) be a cylinder of unit section and of length a t 
whose sides are perfectly reflecting, but the end AB is ji perfectly 
blaek body at absolute temperature 0. The 
cylinder 1 b closer! by a perfectly rejecting 
piston R Let P be at any distance x from 
All Then the spite between P and AB, 
Tift. it®. " whoso volume is x t is filled with diffused 
radiations of a density ^ cOrre?qending to 
the temperature U of AIL When equilibrium is established, let the 
temperature of AH he changed to 0+d©, ami let die piston be 
drawn out a distance fix and equilibrium restored; then writing down 
I he thermodynamic equation of work (see Art. 319) 

JW, 

which expresses the fact that the total energy dQj supplied is ex^ 
pended pnrtlj in increasing the interna] energy of radiation by an 
amount , and partly in doing external work dW, we huvo, since 
U = rg and dW = pdx = l 

1 Clark a.tviO| s Afadn rily nW voL -SiO. 
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Tf <t> I* the entropy (Art. 330) of the radiation, 
ari{ ^ ;trt is a perfect differential, we have 


fjGT 




Comparing this equation with the previous om r we get 


whence 


r* .-■ vp if 

H h p S "iii 1 


iS.=. = j 

Eas\0^ 8^\0^ 


and ns O h independent of being a function of ^ only; the last 
equal km become# 


1 _ 4/1 l iiB\ 

y a\S h 

or 

* “ w p 

the integral of which U 

f^W 

where 6 tan conitimt. This proves Stefans Law, 

28 L + Permanence of Black-body Radiation during: Adiabatic 
Expansion - Change of Wave-length. —Jf a chamber whose walls are 
perfect reflectors is filled with radiations, then the wave-length of 
any my is not altered by reflection at the boundary na long the 
reflecting surface is at rest. If, however, the volume is increased p ns 
in the ease considered in the Inst article, then, by Doppler's principle, 
the wave-length is increased when reflection takes place at the moving 
surface. Similarly, the wave-length would diminished if reflection 
took place at a surface which was moving towards the incident beam. 
The density of the energy of the radiation also changes cm ex|ian^iot( f 
partly because it is distributed over a larger volume and jiartly 
because some of the energy is expended in doing work. The question 
then arises whether* if the vessel were originally Ailed with black- 
body radiation* it would still be black body radiation after the 
expansion. Let m suppose* if possible* that after expansion or 
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compression, the radiation does not correspond to that of ft black 
body. Let a cylinder whose tides arc perfectly rcHectinj^ lie divided 

into two parts D, E by u piston 
(Fig, ISO), and let one end of the 
Tt cylinder be in communication with 
n black-body reservoir at temperature 
T.„ while the other end is in com¬ 
munication with a black body at a 
lower tempera Hire T r We shall snpimso that the piston is perfectly 
re Heeling and has a hole in it which can Ims left open, or closed by a 
perfectly reflecting abutter, or covered by a diaphragm of selectively 
transmitting material, also that T. can be shut off at will by a 
perfectly re Meeting shutter. At starting, let the piston be at A and 
reflect perfectly and let T 3 be uncovered. Then L) and E are filled 
with radiations corresponding to the tcm|*eraturcs T, and T, re¬ 
spectively* Then the following cycle of o^rations can he performed. 

{1) Tj is shut off and the piston allowed to advance to B, III I the 
pressure is the same on both sides. E is now filled with radiations 
which have the same density of energy n& those in D but are, by 
hypothesis, differently distributed, some hinds of radiation being in 
excess and some in defect, Let the material of the diaphragm in 
the piston be m chosen that, it will transmit those radiations which 
are in excess mad not those which are in defect, 

(2) The diaphragm in the piston is exposed, m that sonic radiations 
pass back into D. The piston is advanced to C til] the pressures arc 
again equalised. 

(3) The hole in the piston is opened, and the radiations allowed 
to mix. The piston i* drawn back to K No work is done, since 
the pressure is the same on both sides. 

(!) The piston is made perfectly reflecting once more, and drawn 
back to A_ Since the prepare depends on the density of the energv 
only, and not on its distribution, the work done on the system in this 
stage is equal to the work done by it in (1). T, is uncovered again, 
and the radiation in E recovers its original distribution. 

When T l is uncovered at the end of the cycle the density of 
energy in E is the same as it was at the first (though its distribution 
ig not), it therefore neither receives energy from nor give* energy to 
T v In thi=t cycle we have obtained useful work in (2) at the expense 
of the black body T SJ only. As this ift contrary to the second law 
of thermtNlynniiitcs, we infer that the original assumption was false, 
and that if an oncloflUfe, bounded by perfectly reflecting walls, is 
filled with black radiation, i.^, with radiation corresponding to that 



i®. 
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of n black body at a definite temperature and if the volume h 
l: hanged adfabatically, then the radiation will stiH be black rad Lit ion 
corresponding to aome new tlefinite temperature. 1 

To find the change in wave length suffered by & ray reflected at 
n moving surface, suppose the mirror AX (Fig. 181) to be moving 
with at velocity rt in the direction 
AA r perpendicular it> itsclf T ami let 
the ray OA l*o incident at an angle 

Draw AC in the direction of the 
reflected ray, and equal to the wave¬ 
length A. When any wa ve-crest has 
reached C after reflection lit A, the 
succeeding on* will he at A, but 
instead of being reflected at A it 
wi]] + since the mirror has moved, go 
on iei the direction OA, and overtake 
the mirror at some point B, being then reflected along BD parallel 
to AC. The distance of ihe second wave-crest behind the first is 
thns increased from AC to AB - BD t and the increase £A in the 
wave-length is consequently AB + EX, where AN ia perpendicular to 
BD, If A J is ihe image of A in the second position of (he mirror, 
AB + BX - A’N - AA r cos & The time taken by the ray to travel 
over AC and the mirror to recede from A to M is the same,- therefore 
AM *£ A c, when c h the velocity of light, so that we get 





2Xtj cw $ 
t 


(« 


1 The mntEfc of printing thu A^Uiiiont ii Hint given in 0, W_ Hie hard mils 
Khrtrim TArftry vf tfntte r, p. 337. It may bo iiiftfructivo to compare the 
process with the follow; ug, which does ml contradict Iho second law nf thermo- 
dynamic?. Kfpke bl vrk budin T| anil T ? by n^erfoin wintaiEihig mixtures 

of hydrogen and nitrogoih at tempantEiies T, ami T a respectively, the reservoir 
at tb [n-wer Lem|wrattin 1*0111 Ainiug a larger proportion of hvdm]'t i n 1 Let the 
ptMsaiw Jhh inch that cither cap be reduced to tlm tvtnfcratura ami pressure of 

tho other by adiabatic eomprr-i^ion or tijariaioa. For tbs selectively trsniniitting 

diaphragm enbstitutci a hhet? of |*1 ladram which tr^fniniU hydrogen but not 
nitrogen. For | perfectly reflecting read non-conduct! tig, The prudeas above 
described can then be imitated. work being oht&mrd Apparently at the erpense of 
T* fsince Dflfkhff the energy nor th* amount of gas in T t U altered. But the 
process Is not a true cycle, because th* hydrogen in T a is being exchanged for 
nitrogen from T^. In the radial inn process the block body T ? tierd &ot be a 
re*rvoLi\ it may In; supposed as small ms we please. Wo uSdiue, of course, that 
by the theory of csoliai^s a black body placed hi contact with radiations of an 
energy-den-i[y oorrespondiHg lo it* own tcmpctmldre will adju-t the distribution 
also to L'orrBsjiondr 

1 the time taken by the second ray to Irmverse Alt, \.c. neglecting 

the square and higher powers -nf u/c, which is always a very small quantity. 
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282. Wien's General Formula for the Distribution of Energy. 1 

—Lei. ii* ironsider now the case of a perfectly reflecting chamber 
which ls tilled with black-body radiation and h expanding. 
Hie change in wave-length of any ray in :l given time depends on 
the number of reflections and the angle of incidence at each retted 
tfiui. Thus, if the chamber is a cylinder with a moving piston, it is 
clear chat of all rays having a wave-length A* the wave-length will 
increase more rapidly for those which strike ihe piston at a small 
rather than at a large angle of incidence, for the change will not 
only be greater at each reflection, but also the reflections will occur 
rit shorter intervals. It will be more convenient for our purpose to 
- oppose I hat the shajic of the chamber k irregular* and that it 
expands in such a way that if we trace ib^ path of any particular 
ray we shall fmd that the angle of incidence is sometimes small arid 
sometimes large, and that the path between two successive reflec¬ 
tions is sometimes long and sometimes short* and in fact that the 
average history of any ray during a definite period is the same, 
whatever ray we lake. 

By formal® (2) and {»), Art. 275, the energy emitted in time 
tit by an alemeiit of surface ds of a black body is, for radiation of 
wave-length between A and A - dk* whou angle of emission lie* 
betw een 9 and 8 + i& ¥ 

2E a fttll Crjs fl th ti\ d$ dty 

and this is therefore the amount of energy of ihe same angle of 
incidence, and the snme wave-length incident in time di on an element 
of sui face ds of the chamber. But by formula (4) of tho same article, 
if V is the volume of the chamber, the whole energy for which the 
wave length lies between A and A +dk k 


therefore the fraction of this energy which suffers a change of wave¬ 
length in time dt is 

fflin 

~w *■ 

Multiplying by the value of $\ given in (!) of the last article, we 

see that the average change of wave-length is 

An hin it cm 1 # ds dl 

~y— * 

Now, if 6V is the total change in volume, SV=<fl/i«te, therefore, 

J Wi«n, jifftfnUt an Congrii ItUmuiHnltal dr Vh <vtimu, Pariii 

1W0, vel. i. ; A**, drr i%«*, Bd, p, SBli, I Set As Wien*, d,m 8tts b,tion 

» «!•*" » ">»jKtion, , modified form *f t !,<. proo r his t | leoTe([| due u, Profo^r 

w. M'F. On, U h<T© given. 


4*T* VS3 


r>isTHn>tmoN of energy 


r>7) 


summing the changes due to every element oI trttrfece and every angle 
of incidence, we get for the average change of wave-length £X 




>m 0 cotr t)tf i? - \ . 

V 


Or 

n ev 


\ V 1 

whence 

- 


\Y~ 4 = ceb* , L 

or 

X 1 v 


w 

where A^, ami Y r , tire the original and A and V the filial values. We 
may express this result hy saying that a hen the uhamW expand 
without alien rig its shajte the change in wave-length h pro|*ortiona] 
to the linear dimension, Thus, if t v is the original vat no of any 
linear dimension and r \u final value, 


X_r 
\ r # 


m 


lo find tho change in the energy-density we observe that the 
loss of energy is equal to the work done, or, since Vy is the total 
energy, 

d(YW= - d W - - pdW = 7 1 +d\' . , t (Art, 2^0} 

whence 

« Vd^+l^riV^Op 

which on i n login lion gives 

HWK?)'-®' • ■ • • « 

Bat/ by Stefa: i h & law, 


therefore 


or 


• r° V 

*• U,r 


H = 

e, a 1 


AH scotuL 


W 


This iiniwrurtnt o<jnation expresses the fact that if radiation of a WimMfe- 
I nu 1 titular wave-length whoso intensity com»iwiul« to a definite 
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temperature is adiahaticilly altered to another wave-length, then the 
temperature changes in the inverse ratio* Tins tp known as ’Wien's 
(I is placement. laiv s 

Wc should arrive also at the same result if we auftpoaet] the 
enclose!re tu be of such a shape and to expand in such a manner that 
the greater change in wave length of a ray incident at a small angle 
is exactly compensated for by the length of path described between 
successive reflection*. Thus if the enclosure is a sphere which expand* 
uniformly, then a ray whose angle of incidence is 9 1ms travelled a 
distance fSrcostf since its Iasi reflection, where r is the radius of the 
sphere. If t is the time taken to desorilxs this pith, t = 2r cos Ofe t 
therefore since the wavelength changes by 2Aii cob fl/c in time t m the 
change [ier second is Aw r. But if £r is [be increase of nulius 
per second, Sr = u, therefore U J5V V as before. This is 

the case considered by Wien. 

Again, we may take the chamber to be a rectangular box which 
expand* so lie always to be similar to itself. Let three sides be kept 
fixed in position, mid let or, fly, fl: (supposed small) be the iitcrenietils 
jier second of the dimension* x, s of the box. Then if «, fj, y «re 
the direction angles of any ray, tlie number of reflections per second 
on the moving face perpendicular to the axis of x is ccos«;'2jtr and 
thi' increase of X si entli is -i A c o s < t.lLr c therefore the iiicccssc of 
wavelength per second is 

a\ = \(^ et^a + ^ ^ ^ v J ^ 

since ar/z-$y I y = &/; by hypothesis. But \ - xgs, therefore 
dV V -&r : x* rtv > * fc z - 3Ar ^ so that 6k A |8V V as before. 

In the chamber which wo have been considering there exist radia- 
tioiiB of all wave-lengths. These are perfectly independent of each 
other, and all have their wave-lengths altered in the tame ratio by 
equation (1). The intensity L and emissive power E* vary as the 
fifth power of the absolute temperature. For let r r 0 = *, then if wc 
confine our attention to radiations of wave-lengths comprised between 
the values A,, and A tf + dA w these limits become altered to X and A + ilk, 
and as A = i'A* and X + r/X = i^A,, + rfjg by (1) wo have rfA = fen If 
<% “ th& original density of these radiations, this changes to dit, 
where df 0 - by (2). Rut ity is proportional to E^a (Art. 275), 
therefore 

k a h/\ tfip i 

8^s; = 35; = F 

therefore 

k* 1 «* 


a & t , W2 
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Combining (3) And (4) p we obtain 


or 


K x X f = von* t. - C/iM-y } 


K^cx-yi^ej , * , . T (5j 

whiTo C is. an absolute constant. 

Equation (5) ieu general formula for the diitrifaotioii of energy in 
tho spectrum. Ii contains, however, an unknown function of AO. In 
the next article we shall diecusg the various fornix which have been 
BUggJMted for I h Eh function, But whatever the form given to the 
function, the equation sutittfies Wiea J i displacement law and Stefa ns 

law, provided that / J: *ftz}h is finite. Fur the total energy S p which 

is equal to j E k iiX r must be finite and putting AO = we have 
rfz - QtiX^ and therefore 


JS - C | *-y 



. m 

Wien's displacement law kis been verified by Luninvtir and PringB- 
lieini timl others. IF we supjainc the change from one tetnpcmtiiro to 
;i higher one to take place by in vans of an adiabatic emu press ton, then, 
by Wien’s law, the new curve of distribution (Fig, 17*) is got from 
the first one by (shifting each ordinate towards the origin in the ratio 
of distances 9 0 t9, and increasing its height in the ratio 0 s ; 0^, 
Thus to a maximum ordinate in the first curve corresponds the 
maximum ordinate K„, of the second ; and therefore if A, irl is the 
abscissa of u maximum ordinate* 

* 

A m 0 = «ni3it- = A (say I, 


= = 0. 

Thefolbwiiig table exhibits tlui remits of Lu turner and IVingahomis 
experiments The temperature given in the sixth column wore 
calcuhted by putting the menu value of B( 21 SB* IE)- 17 ) in the 
formula. 


[Table 


I'ifAJ*. VE 


m*u# 

fcrn»uh. 
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Ah*. T ■*sn11 
(elwrt^pd X 


K*»- 

A ■ 

n =- 

{ x 

T V E " 
V u 

n 

OUT, 

021 2 


2-026 

2814 

2100 

6213 

+ 0-1 

72a 

4'OB 

4-2B 

2050 

2166 

7213 

-l'J 

&oa-5 

Z'2$ 

nm 

2080 

2208 

9101 

+ 1 '6 


2'B6 

21-50 


21+10 

we-6 

2-0 

1094 -6 

271 

343 

2£MM 

2m 

iOfiffl-S 

- 2ii 

I2SOO 

235 

es'i 

2&5& 

2176 



1160*4 

234 

HE 3 

2 m 

2184 

1460-0 

- 0 J 4 

10-MS 

1 P 7B 

270-0 

2G2S 

2246 

1663S 

+7’E 


Hiuce the wave-length is measured in microns (we footnote, p. o£5) 
the mean value of A Jhi 0 is 0 + 2&4Q it? C.G.S. units, 

2S3. Fornvulte for the Law of Distribution* — Wo sHel]! now give 
the principal formula; which have been proposed for the Jaw of dis¬ 
tribution of energy in the spectrum of a black body. All such 
formula* must conform to Wien's general law expressed by equation (5), 
p r fiTft, which we shall now write 

E=C*i am * . . * , (l) 

where E maybe taken to be either the emissive power or the intensity 
of black radiation, the difference consisting only in the factor 4 ■>. which 
may be included under C (see Art 275). 

In 3 Hi* i M iutieL 401 l deduced a formula from certain assumptions 
billed on Maxwell 1 * law of distribution of velocities among*? the 
molecules of a gas. A* Michel son’s formula does not satisfy equation 
(l) we shall not further consider ifcj his idea of making \m of 
Max well's law was t however, adopted by Wien* 1 who imagines the 
radiation to be produced iti the following way _ 

Let A be a chamber whose internal surface is perfectly reflecting, 
and B j| perfectly transparent vessel within A, Suppose the space 
between these filled with a gas capable of absorbing and emitting 
radiations. If the temperature of the g?i* is uniform the space 
within R which may take jis vacuous, will be filled with black 
radiation. Wien makes the following assumptions _ 

(1) Each molecule tends out rays whoso wave-length depends 
only on the velocity of the molecule, nnd of which the intensity h a 
function of this velocity. Since the wave-length is a function of The 
velocity, the velocity may lie regarded us a function of the wave¬ 
length. 

(2) The energy of radiation of wave-length between limits A and 

1 dir J’Ayrife, Bd r Uiii ^ 0&2, 15^. 
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A + is proportional to the number of moioeulea wjixiiBg out waves 
of this period ami to A function of the molecular velocity r. 

Now on the kinctic theory the number of molecules whose velocities 
lie between the limits r and r + dv is 

rfr'^r, 

where u is a constant given by the equation 


being the mean square of velocity of n || molecule*. Therefore, ex¬ 
pressing r us a function of A, and remembering that r-' i R proportional 
to the absolute temperature, wo may write the number of molecule* us 

_>ui 

OtX> "<A, 

ami as the energy is proportional to this expression and to some other 
function of A, we get 

-M 

E = F^) f » 

A comparison of this equation with the general form (1) gj ve * wfer/s 

fdlTQIlU 

..... (2) 

whero a and C are coii^tjini& h 

This & j nation makes E vanish for X = 0, or A = «, as it should do. 
If » E is finite, 

M ion s assumptions are by no means obviously true^ mu] the 
experiments of Lummer and Pringsheim described in Art, 279 show- 
that the formula does not accord well with the facts, Equation (2) 
gives for a constant wave-length A 

l*sB=y,“4, 

w here y, and n are independent of a If then curves are plotted for 
given wave-lengths, taking log E as ordinate and 0“ as abscissa, these 
corves (isochroiuatjea of Nichols} should be straight lines. They 
exhibited, however, a distinct curvature near the axis of ordinates, 
that is for high temperatures, 

Piutchen and Wanner found that Wien's formula was well satisfied 
by the results of their exiwriments, which were ni;uie on the visible 
mys, using a photometer instead of a bolometer. We shall see 
presently how these divergent results can be reconciled. . 
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fortnula- 


Lonl Rayleigh 1 ku> aigncd that it in unlikely that E shuuld tend 
tq a finite vulue for infinite values of 0. and also that as, according to the 
M&xwell-Bolbzmnnn law of partition of energy t the energy of a system 
which can vibrate in several modes is equally dividerl amongst the 
mode*, and as this law improbably true for the graver modes at leasts 
there should, for waives of low frequencies, be equable partition of 
energy between temperature heat and radiation ; and as tem[H2 nature 
energy k proportional to the temperature, the radiation for long waves 
should vary iiUimuudy u--« the temperature. Ho proposed the formula 

A 

E-CV-W^. . {3) 

which satisfies equation (1). It does iuu r however, agree well with 
experimental results except fur long waves and high temperatures 
Thieseii ■ suggested the formula 


M 

E = CX-\^Jhr *** . , . * . (4) 


which agrees better with experiment, and also makes E become infinite 
with 0* But it lias no theoretical justification* 

The three fornmhe (2), (3), and ( I) can all be included under the 
more general form 

E=C 

fjord Iiayleigh : a, Thiescirs* a tad Wien's equal ions being obtained by 
giving p the values 4 T 1% and f> respectively. 

Jahuke 3 proposed the empirical formula 

_ * _ 

E^=Cfc-*at ***& , , , * . (S) 


which agrees well with experiment on putting y - I X 

The most imtlKfflctory formula on theoretical as well m ex fieri mental 
grounds is one given by Planck 4 — 


E 


CV -* 

^*-1 


m 


This equation is in close accord with the results of the experiments 

J phiL Jsnir IHOO. 4 Verb* if. fkuf&h. Fkjft. Gt$^ Feb. 100a. 

a Lutmner mill Jibtikc, .htn, t^r PhuMi Gil. ill* ]^ U?M. 

4 Ann* dtr /%*iX, fW. iv H jv &&3 + 4WL Thu oultincH. of Planck' H method atn 
as folios™. He imagi ww * apace bomcled by perfectly roltcctiDg *i\ rfices and which 
cqnnii a* a number of tinunJ Htrtxitiu refconftton*, to he Jittad with naoaochmmntic 
Waves of the same jwriod* Tin -e arc bing continually ilisurM mutt emitted by 
the rtsanatoro. BorrU^inu from the kinetic theory of gotten Ihcdehnitiunof entropy 
m the logarithm of the probability of the existing dbtribcitimi of omrgy. and 
making BW of [» WienV Law given by equation ■ I) at»vr T {&) r*n expression for the 
isqcE-mLV of radiation of a Herbrfin rewmater obtained by UEBana of the elcctro- 
tBJtgUetLO thtcry, ootl fc’i the thtrmodynAluie relation Wtwcuii EdiLpamlUrc, entrupV, 
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of Lununer and frinj^hat&i, and also agrees with tWi- of IWhen. 
For sum]] values of X mid (J it approximate* to Wien a formula 
anil for large values of X Arid in which the higher term* in the 


•expansion of may Ire neglected, it approx unites to Lord liayleigh^ 
formula (3). Tina explains hovi I Voiron, exin-Hminting with hhcua 
waves, verified Wien's formula, while Lumnror mid iTingsbeiin, 
working with long waves and high Eemjicriitiiira, found devtufious 
from tbit formula, Lumnror mid Pringshoim subsequently carried 
emt a series of experiment on the visible speetmm, using a LuiuTrojr- 
Krodhun phrrfoineter g and confirmed the resultp of and 

banner, us well us Planck * 1 2 * equation. 


Planck’s formula makes K infinite when O is infinite, und aUo mitor,, 
fulfils Lord Rayleigh's condition that for long waves and high ^ Jl! * 1 V ir *~ 


K 





frJtptth 

ffUKUl*., 


temperature* K should vary ultimutely as tl. This condition has beau 
experimontally verified by Rubens and KuHlaimi. 1 using a method 
due to Beekmanm There are many substance* which j josses* the 
property of stltdit* njledum (commonly associated with anomalous 
dispersion^ that i* t that they powerfully reflect rays of a particular 
wave-length. The rays which are moat strongly reflected for incident 
light are those w hich are most strongly aborted fm transmitted light, 
that is ? they arc rays for which the substance has a very large 
coL'Miuient of absorptions It has been mentioned that Iftior-ftpar 
freely transmit* infra-red rays, but there are two bands in the infra¬ 
red spectrum produced by refraction through Hnor-sjnr; these corre¬ 
spond to wave-lengths of 24/* and 3 Hip respectively. Kays of these 
wave-lengths are strongly reflected by Huor ajKir. By means of four 


sad *u*rgy, he mk-ii]A(r& nn cx|-re9«roji for ihu entropy of ths *y*^jn in u rm> of 
thi: febtrgy and frequency &r* #rngh rBifcojiator, JOL-it boheu ab£iui» tliit farms!] a givtjj 
ibori, 

1 Sfku dtr Z'kjoj, Akattr def JfTw. HrrUn, p P2B \ Oct 1PCHJ. Ann, drr 
B.L tv. \k tfl**; mi, 

3 TJjti Coefficient of iib^irjitLun »F a nHhadmwtf mmt net he c on fa and cd with it* 
absorptive i»wer, PolS^h«l nmtnL* have a amtU ahfrirjrtjva hoi a very large 
cwffkicnt cf absorption, k*. they b%Uy ap^]im to tramutiLUd light, 

2 P 
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successive roHectioziB from tfuoKapir surfaces Beckmann succeeded in 
obtaining those rays of considerable purity* The experiments of 
Rubens and Kurlbaum were made with black bodies ranging in 
temperature from 188 <j. to 1500 . The apparatus is represented 
in Fig l$ L 2 r K is the black body, of which four kinds were used, one 
of which could be surrounded with liquid air, another with a mixture 
of solid carbon dioxide anti ether, and the third with steam, while the 
fourth could be heated electrically'. K is the thermo-element giving 
i he temperature. D 1 and D* arc screens with small apertures, and $ 
the &lmttcr of the measuring apparatus, all these three being filled 
with water at air temperature, P r P L „ P 3 , and P l are four reflecting 
surfaces of fluorspar ; M is an adjustable mirror, and T a thermopile. 
It is obvious that l-hia instrument furnishes a method of measuring 
the intensity of radiation of a given wave-length for various tempera¬ 
tures. The results obtained agreed well both with Jahnkes and 
Phi nek's formula, but showed considerable deviat ion from Wien's, 
Other substances possessing the same property of selective reflec¬ 
tion for infra-red radiation are *vlvinG (A = GO/*), rock-salt (A = 51 m 2p.) f 
and quirts (A fl'S5p). Rubens and Kurlbaum also experimented 
with the two latter and confirmed their previous result*, 

2S4, The Quantum Theory,«—We shall begin the consideration 
of this theory by an illustration from the kinetic theory of gases. 
Suppose we have a gss containing two kinds of molecule, vis. a 
relatively small number of massive molecules and a very large 
number of very small molecules. In this case, by the doctrine of 
equip*rtitimi of energy, the average kinetic energy of a molecule of 
either kind is (he same (assuming that each molecule has the same 
number of degrees of freedom), h follows that the energy of the 
system is nearly all resident in the small molecules, simply because 
they sue relatively" much more numerous. If, again, we replace the 
^mall molecules by a continuous medium capable of exchanging energy 
with the Brat set of molecules, this medium consequently possessing 
an infinite mmibci of degrees of freedom,, then, when equilibrium is 
attained* alt the energy will have passed into the medium. Now, if 
mipp^ise a hoi body to be placed in a perfectly' reflecting enclosure, 
wc know that when equilibrium U attained, most of the energy will 
remain in the body and only a small part will exisL in ihe form of 
ihoiur ether ml wave* which constitute radiant energy. In the electro¬ 
magnetic theory the ether h treated as a continuous medium, and 
even if assuuu: that this is not strictly true, we must still regard 
it a* extremely fine grained when compared to the atoms of matter or 
1 flM J, 1L AVgivrJ oji flmlmiitw mui Ik* Qunuhnn Thc&rth 
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even to the constituent electrons 0 f * llc h matter. Thus, if we admit 
the law of equipartition of energy, we arc led to expect that all or 
very nearly all the energy will pasH out of the body into the ether, 
which is directly contrary to experience. 

Again, let tis imagine a rectangular box with perfectly reflecting 
^ til Id t it htf filled with black-body rndiiiticii corresponding tu aonso 
ileHrijEtr temperature, and tot its catoiihtto the distribution of energy 
according to the ordinary mechanics, In Art 163 wo have calculated 
the number 0 f possible inodes of vibration, of frequency lying between 
the limns r and j+Bk, of unit mass of nil elastic solid fa the form of 
a rectangular block. Tho number of possible modes of vibratiou for 
the ether in the rectangular hox comprised between the same limits 
of frequency is calculated in exactly the same way, but we must omit 
k, since we are dealing with unit volume, and we also omit tho first 
term, because there are no compressions! waves. Putting r for the 
velocity of light, the number of vibrations is Snor ri Now, if A is 
the wave-length, Av=r, therefore i-rA, o> = -rA^SA; therefor^ 
omitting the negative Bign, which merely means that <5v a ml *A are of 
opposite sign, we see that the number of possible modes of vibration 
whose wave-length lies between A and A s riA is 

ftrX-^iA * * , , „ , fjj 

By the kinetic theory of gases (see Art, 374) the average energy 
for each degree of freedom of the molecule is IR/i, when K„ h the 
universal gas-constant; therefore, by the law of equipartitiou of 
energy, if the radiation is at a temperature 0, ml is in temperature 
equilibrium with a gas at that temperature, this will be the kinetic 
energy corresponding to each mode of vibration of the ether. And 
the energy is hatf kinetic and half potential, therefore the total 
energy between wave-lengths A ami A + BA is 

. . 

This formula was given by Lord Rayleigh and by J. If. Jeans in 
1900 a* being the formula which ought, on the Newtonian mechanics, 
to govern the partition of energy in the sjwctrutu, It cannot be the 
true law, for the total energy obtained by integrating from A~G to 
A=x would be infinite for any finite value of 0. And if tho 
totsd energy were finite the only possihlo value for e would be 0 = 0. 

This, in fact, is the prediction of the classical mechanic* as to the 
final steady state. We are led to expect that all the energy of the 
matter will be dissipated away into radiation in the ether, os in the 
analogy given above. 
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It was in the effort to devise a radiating fly*lem which would 
accord with the known facts that Planck originated the conception 
that changes of energy may take place, not continuously, hut by 
multiples of a certain unit or quantum* Perhaps the simplest way 
of introducing the idea of quanto k that given by deans 1 in the 
following manner. In the kinetic theory of gases the probability 
that a system shall have its coordinates (p v p# ■ ■ -) and momenta 
{q v q# * - -) within a range tipydju . , * dq x dq t . . . is found to be 
of the form 

. . - dfoffrf* T *■ < 

when E is the energy of the system in this eon figuration, A is a 
constant, and h is given by %hli 0 B = 1. Hence if t k any amount 
of energy* the probabilities of ihe system having energies 0 , r t 2c, 

, . . wilt stand in the ratios 

I j £-■**( : die. 

Strictly speaking, the probabilities we are discussing are not those 
of the system having energies o t * Y 2^ „ * * but of it* co-ordinates 
lying within equal infinitesimal ranges of values dp^p,, , + * dq % dq ± 

„ . . surrounding these energies but 1 his complication is immaterial 
for our present purpose* 

Suppose that we tire considering a very great number, M+ of 
vibrations! and supjKise that of til esc X have zero energy* Then the 
number which may he expected to have energy e will he X t ±k \ the 
number which may be expected to have energy 2e will be Kr 1}f \ and 
so on. If we supposethat all of the M vibrations have their energies 
equal to one or other of the values a. s f 2< a . . . then we must have 

M=N (1 - , (3)i 

T3ie total energy of all these vibrations rautl lie 
*$*-&*+&$*-*•+*&* “<+, . . 

J[ ( 

= ,, by the rekti&n (S). 

If the particular vibrations are those of wavedength between A and 

1 U Planck's lino of p^goIh^ which U different: from the qitanta Htfcar 

in the dirtribotian ftf energy between llln It u ginpoKaih],- to arrive at 

Pkhck'fl law of railiiiti^n WH twill tin? Lntr^IikOon ef a di^bSatinuity m men hi! m in 
the bmiisien cr ab*orj.tirm of cncrgr. 
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X + SA in a nn11 volume of ether, thon, hv formula (1) the vuLue of 
M must be taken io be 8irA^A p **nd the total energy h 





or, putting for h its vnlue I Itify the e>X\>T&&ion for the energy 
correspond fug to lvuve-lengtha between A and A + £A is 


ig^« . 


W 


which may also lie written m Hie form 


where x is put lor t HJJ. 

This expression becomes identical with Planck’s formula for E*A 
if we put 

«■=*» ...... (j) 

where e is the number of vibrations |Kir second and h is a uni. 
venutl physical constant. now generally known its Planck's constant. 
Writing hv or hr A for c, we get 


d 


f« 


where « = for- ft„, By eompariitg this with equation {6) Art, 2&t, we 
see that C = S-hr. The meaning attached to A by Planck in this 
formula requires that E should bo the intensity of black radiation, 
not the emissive power of a black body. The latter is ohtallied by 
multi plying hy \ r. 

it will be seen that, according to this theory, exchanges of energy 
take place by integral in til tip lea of hv, as if, in some traits form at ions 
»t any rate, light-energy were atomic in character. The sine of the 
quantum depends, however, on the frequency v. The dimensions of 
Planck's constant h are not those of energy hut of action or angular 
momentum (energy * time). In Bohr’s theory of the structure of 
the atom (Art. 5f5) the angular momentum of the electron round the 
centre of its orbit (assuming the latter to be circular) is an integral 
multiple of A 2w. In the innermost, most stable, orbit the angular 
momentum is A/2a. 

The great objection to Planck's theory is that it is impossible, as 
far as we can see, to reconcile it with the classical mechanics and 
with the uadulatory theory of light. Any attempt to explain such 
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phenomena ns interference atid diffraction seems to demand that light¬ 
en erg v is infinStsly divisible. On the other hand, the phenomena of 
radiation, of the line-spectra of the elements, the pholo-eleetri& effect 
and the specific heats of metals at low temperaturn seem to require 
that interchanges of energy take place by quanta. 

A further objection h in the mode in which the theory is put for* 
ward. Planck does not propound a new system of mechanics, but 
make? j use of the ordinary mechanics, superposing the quantum hypo¬ 
thesis on it, although the two arc apparently inconsistent, Similarly 
in Bohr's constitution of the atom, the electron in the steady state is 
supposed to describe its orbit according to the Newtonian laws, while 
the quantum theory is brought in to account for the emission of 
energy ill passing from one or hit to another. 

In spite of these Reflow difficulties* the fact that the quantum 
theory i& most successful Just where the ordinary dynamics fail must 
be regarded as a strong argument in its favour. The surprisingly 
accurate quantitative results that have been obtained by its means 
seem to indicate that though it may need modi heat ion, it will, in its 
essential features, survive all the criticism that has been directed 
against it. 

285. Constants Of Radiation. The constants occurring to the 
various radiation formulae are not only connected with each other 
but also with the other universal physical constants. Thus we have 
seen that Planck's formula (6, Art. 284) involves the velocity of light 
and the gas-constant, the only new constant introduced being Planck's 
constant k A very careful determination of the charge # of an elec¬ 
tron has been made by U. A. Millikan/ from which he has deduced 
the values of a number of other physical constants inrhiding the 
radiation constants, which agree very, closely with recent determina¬ 
tions by more direct methods. The following are Millikan s values 
for some of those constants:•— 


CltaTK of all cloctfOU ... * 

Nlimn*r of Oii>1 Drtile s in 1 e.c + of a At e 

jKtH'SS. . . - 

Mua «f 413 atom of liyihu^t'n jn gT&mmt* 

Tho . 

5t«fa ni cousinnt of lotul radiation 
W\eUB COllStAUt - 
Pkftfk’a eftBJtani . 


C. rind 7<S0 mm. 
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X :270S>. w u 
in _ i -mt >; io- M 
/4=I*372xlfH* 
<r-& + r^t 
*0 = 0-^83 
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The only one of these which differs very considerably from the 
earlier accepted values is Stefan s constant, which is' about 7i ]»r 
cent greater than Kurlbaam’s value. Tin* earlier direct deterrnina, 
1 Phil. Jfug., July JB17 ( |, 1, 
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ttonB of it agree well with llio inner, but later meri^n miic-iits have 
tended to higher values, and Millikans figure has been experimentally 
obtained by Cobientz. In the examples given below, some of the 
other physical constants are calculated from the experimental values of 
the radiation constants of Stefan and Wien a^ given In Arts, 27 $ t 

2*G. Correction for width Of Bolometer and Slit, 1 Let XFY Fig, !&3 I -■ it 

portion of l ho trete eurv* connecting * dfeftuaity and WVedctigth in tits apral rdm of a 
UUrk body s ami anppaga thrtt *Mrr*otiaq ij |o hm applied for the width oftknbofo* 
m$ti-r only. If AB in tbo width of the bolometer on the &jh?ciriitQ t then the ir^ttn 
]iL 0 Dt r itLbt;<&1 of giving the true intensity Ml* Tor (ho middle (mint M of AB» giv™ 
the intensity ilP' between A atid U : in other words* it uieemres ih*' energy 
reprMrntod Uy the area AJCPYB* which. divided by AB ( gin* JfF. The enrvo 
tbUfl Obtained wall b* tbft dotted curve XT'Y r ; the proMm. [» thru bow to obtain 
the tma curve (mm the plotted curve X'FY P . 

Wb may. With close approximation, iDpjxwo the true ettrve XPY fo be coincident 
with a pinbota drawn throngh X And V with ita axis vertical, UtfL baring it. 
tatigonhi at X and V coincident with those of XPY + By the gcumetTy of the 
parabola, the area of XPYX ia jj XPn Aft j but this area Ls Nl' - AB by definition, 
therefore NP - } NP. Now, for a very diOrt distance alol^ p 



\>V and YY'p therefore NN - PF, E here fore P i fc "= FN . ; 

Thus w* obtain the following rule—Draw a chord XT', the 
difference of whose ttbscisstt AH represents the width of the 
bolometer, Erect thi‘ middle Ofdjjuto MF f and add to it otie- 
third of the length l y S r Intercepted between the onrve and the 
i:Ejon- 1 . This gives the point P on the triin eurve. 

A second application of the aama prooefey would furnish a _ : _ 

correction for tbo width of the alft, taking ABos the width of A . w 0 
the ininge of the aliL ^ ltJ - 

If the curvature U a maximum at I\ the difference of oidinatu PF fa aLio ft 
maximum. 90 that in Jtlds can PF would be greater than either XX* or YY H ; thua 
with very peeked curves there is a tendency for theeorrefltiMf curve to be stilt a little 
too flat at the i^eah, unless, tin* deviation from the ^rAbolic form happens to he 
such aa to correct for tine. In any eaea* the error in prentice would be negligible; 


Examples 


1. Find a relation between the etnutania of Planck s equation aud that pf 
^tefon'sr 

{Taking the total radiation to surreuiHiillgi at fth*olure HGm t 



On putting m- J for \ 3 this tranBfprms to 



1 This inuthnl ia adapts! tm m a paper bv I,ord Knyleigh (Ffiif. l/,ry vnl 
alii, pi ui 3 im\ 
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KxpandSng br the binomial theorem, add integrating term by tans* we obtain 


there fare 


®~!£ e, (' 1 * + W* + • ■ •^Se 8 '* 


<F = 


T* C } 

1G' «W 


-± Find the values of the constant* a and 0 in rkuek"* equation, fuming 
that Kft - '-EH in otndmotrtdegree^ and that * = 5’32 x 10 1 in «rg.s |*r h|. eim 
per «e, per (degree)*. 

^ I f K is- a maximum for * given temperature^ tfE/dA-O ; tbemToPi, differentiating 
I'kobka expression, regarding 0 aa mnxUnt, we gi-t 

Aualinst approximation, put af\ m i* ■&, acid thi L ii siili-itUuti : the second apjtfoximx- 
tion gives i'OGtfp amt a third give* therefore 

p=4’0ffi x -2W = l‘4fl. 

Making ttjw of tin.- result of the preceding example, 

C=i5« (^)* *$-32* Jo- s =a‘^!tjO' 1 

iu trga > \*r wsc^ 

S. Taking c Ibe Velocity of light a& Ji :■ JO" effl* r |*r s«. f calenaUte FkneVa 
constant A and the gas -whh taut 

{3i lies < 1 - it„ and C - 2ttA* t when ManfiVe formula refer* to eiutadve grower, 
solving for h and R*. we gel 

A =^-S3 * I0" fl h R* - 135 x WH* J 

I, Cumulate- the number of mol nettle* in a cubic centime!re- of gas at standard 
temperature! and pres-urt. 

|flerv mi- — IS R,,*-* (see Art. 117 1 arid ji 7& • Jd'i? ■ flSI, r = l T H -- 273 1 therefore 
N r =2'74« K 10J-.5 

5. Calculate the charge of an ek-ctroa, given that the quantity of electricity 
required to liberate UlFn cubic centimetre of hydrogen in rlvctroly^h j B & ^ 

absolute flkttuiimgwlif unite. 

|Xr-<W^ iLentfwor=0-SBfc lO"^ in dec Erom4g Sialic unit*, or, dividing bye, 
4-73 *10"“ iu eliMrtrOsta t ilc unila.J] 


SECTION VI 


>1 EASY ELEMENT OY TEMPERATU RE BY RADIATION 

2S7. [Radiation Scale of Temperature.—It follows from the 
principles explained in the preceding section that the radiation within 
an enclosure whose walls are at a uniform temperature is unique in 
character, and that the density of energy is uniform. If then we 
ileline the temperature of such an enclosure by means of the formula 

when is some constant, and ^ the density of radiant energy, we are 
furnished with a new scale of temperature, which does not depend on 
the specific properties of any body, and which is therefore an ab&tfvtt 
scale in the same sense as Lord Kelvin's thermodynamic scale. If we 
assume that a l>ody at the absolute zero of Lord Kelvin's scale does 
not. emit any radiations, then the zeros of the two scales are idendual. 
By giving a suitable value to k we may make the two scales coincide 
at one other given temperature, r,y. at 0" C. The scales will then 
coincide at nil other temperature* i I Stefan's law is rigidly true. 

It will be noticed that this method of delining temperature 
enables ns to speak of the temperature of a vacuum* by which we 
mean the temperature characteristic of the radiation which fills it, 
IF the density of the energy i* given* then its temperature in given 
uniquely, provided that the radiation is completely diffused. Tf the 
radiation is not diffused, then its temperature will not be the same as 
that of diffused radiation of the game density. Thus the temperature 
of the gun’s rays aa they reach the earth’s atmosphere is effectively 
that of the sun himself. The earth's surface h not, however, raised 
to a high temperature by theae rays; this is because the earth is 
receiving energy from the direction of the sun only and radiating it 
to all parts of the heavens. Wo can* by means either of a lens or 
parabolic mirror, increase the solid angle virtually subtended by the 
sun at an Absorbing surface without increasing the emit ting surface, 
and in this way very high temperatures may be attained. A small 
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body placed at the focus of a parabolic mirror whose aperture, as 
viewed from the focus, i& less than the &un’fi angular diameter, would 
he mla«d to the temperature of the sun, if no absorption took place 
in the atmosphere or at the surface of the mirror. Any directed 
quality in radiation increases its temperature and thermodynamic 
availability. Thus polarised light is of a higher order of availability 
than ordinary light of the same intensity. 

The application of the laws of radiation to the practical measure¬ 
ment of temperature is especially salted to the determination of high 
temperatures, since there is no limit to the temporal lire which the 
instruments are capable of measuring and there is no objection to the 
use of rhe method beyond the limit- of the go* thermometer, since 
the laws on which it is based are themselves founded on theoretic 
principles and not on empirical results. We may find the temperature 
of. a chamber which radiates as a black body bv means of a 
standardised bolometer* using any one of the three forninbc — 

3 - £!**) * (1) 

X»0 = i.-omt. , „ r r ., (2) 

E«0” i = eonftt i (a) 

the first being Stefan a law, and the two others contained in Wien-s 
law; Of these, Stefan's law is the simplest to use in practice, as the 
spectroscope is not required. The second formula does not lend itself 
to accurate work, as the wave length A itl for which E is a maximum 
cannot be fixed precisely. The maxi muni value E r „ tan, however, 
be accurately estimated, and ns it increases enormous) v with the 
temperature, the third formula, like the fint, in especially suited for 
measuring high temperatures. 

The only -serious objection io the tm of the radiation method is that 
it is only strictly applicable to the measurement of the tempera hire of 
a black body* Thus it would be the appropriate method to use in 
finding the temperature of the interior of a Bessemer converter after 
the blow, or of any other chamber At a fairly uniform temperature 
and with a email aperture. But for measuring the temperature of an 
incandescent burner or of the electric arc it is not so suitable It 
wiH however, enable us to assign a lower limit to such temperature. 

Another method may he employed, which is applicable to high 
temperatures only. This consists in comparing the Mghtnm of the 
heated body with that of a source at known temperature by means 
of a photometer. This method, on account of the selective emkfiion 
of bodies, is also only strictly applicable to black bodies. Melted 
platinum reflects light well, which shows that it cannot be a perfect 
radiator, and the same is true of other substances. 
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2 S8. Lum mer and Frlii gs helm's Ex perl men ts< 1 In orde r I o pro ve 
the efficiency of the radiation laws for the measurement of temperature, 
Professors Lummer and Pringeheim made a series of determinations 
of the temperature of a specially constructed black body, using three 
different methods—formula (I) and (3) above, rind the photometer 
method—and thus tested the agreement between them. 

The radiating chamber was represented by a carbon tube It 
(Pig, 184) with a w r al1 1*2 mm. thick, 34 cm. long T and an internal 
diameter of 1 cm. In the manufacture of this tube, care was taken to 
secure an accurate cylindrical form and even thickness of walk The 



rsK. w. 



ends were slightly conical and covered with eop|>er by electro- 
deposition. Over these conical ends thicker carbon cylinders A were 
fitted; these were copper-plated within and without* and rested in 
strong metallic clamps B which conveyed the current. The back 
wall of the radiating cavity was formed by the plug P 1+ fitted in the 
centre of the carbon tube anti closing an air-tight its possible. The 
form of plug shown was chosen so ns to reduce as far as possible the 
unavoidable inequality of electrical heating produced by it. Behind 
F r was placed a second plug 1P V which diminished the harmful effect 
of any gap between the first plug and the wall of the tube. A third 
plug P 3 closed the end of the tube hermetically, in order to cut off the 
oxygen of the atmosphere. To protect the carbon from burning, the 

1 Sttz. tfcr fr.ir£.*zJt. |%S, O&tfL, Jim IWi- EUctrftian, Aug. 7, J BOH. 
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hot tube wa* surrounded by a system of encloanra^ whose mounting 
may be seen from the figure. Since the porcelain carriers T were 
firmly mounted on the thick carbon cylinders A, and were pressed tight 
against the projecting noses of tho carbon cylinders by mean* of the 
copper ring*! C, the air could not directly reach (he outside of the 
heating tube. The innermost protecting tube U was of carbon, which 
had the double 24rlvantage of being capable of withstanding (he high 
temperature and of freeing any air from oxygen. The other tubes were 
partly of porcelain and partly of asbestos and one tube Q of nickel. 
At the high temperature used, even the thick metallic clamps became 
red-hot. To prevent this, large copper discs D wore fitted on. They 
fitted tight on the copper rings C T and conducted the heat outward*. 

With a current of 160 ampere* a temperature of about 2300 
2 ibsoluto was reached, and this could he maintained fairly constant for 
some houre. The tube was gradually destroyed by oxidation at the 
open end, but it wo* found that the combustion could l>e considerably 
retarded by allowing a current of nitrogen to puss slowly through the 
cap F moilnled in front of (he opening. 

In order to determine the temperature by various methods in 
quick succession, the carbon body was mounted on a carriage rolling 
on iron rail*. Along the railway the various measuring instruments 
were ho mounted and adjusted that by a simple displacement of the 
carriage the black body could lie brought into the right position in 
front oE each. 

For the determination of the total radiation a Lunuxier-Kiirlbauin 
surface bolometer was used. Of ihe two gratings exposed to the 
radiation the slit* of the fii^i were exactly covered by the strips of 
the second, so that Et formed a bolometer wall which stopped all the 
radiation. The instrument could 1K) displaced along a scale, and 
measurements were made at distances of HO cm.* 60 enu and 40 on. 
from the measuring diaphragm. These showed that the law of 
distance was fulfilled. 

For the determination of the energy curves a linear Luintuer- 
Kuribrom spectrum bolometer wa« used, which w as built into a case 
of metal and glam nearly airtight. To get rid of the Sorption lines 
of steam and carbon dioxide, the air in the case was freed from these 
as carefully sir possible. The adjustment and reading of the angles 
could be done from outside. The slit projecting from the case was 
closed by a fluor-spar plate and was protected by water bathed 
diaphragms. The refracting prism was also of tl nor spar. 

The measures of brightness were made with a Lammer Brodhun 
spectrum photometer, and were made on different portions cf the 
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luminous spectrum, that part being chosen for which the observation 
plates used wore least selective. Five absorption plates were necessary 
to reduce the light* and together they reduced it to the eight - 
thousandth part 

The different measuring instrument were calibrated with the help 
o£ an electrically heated black porcelain body, the temperature of 
which was measured with a Lo Ohatclier thernio-oleiiie&jt- 

The carbon body wjis used in various slates of ine&ndeaceitte, and 
in all cases the di Here races between the measurement* made hy the 
various me thuds remained within the limits of errors of observation* 
The following table gives the results lor the highest temperature in 
the order in which they were obtained 
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The agreement between results obtained by methods so different is 
a strong confirmation of the laws made use of 

289, Other Temperature Measurements, —Experiment* have also 
been made by several observers in order to determine the laws of 
radiation in the case of bodies which do not fulfil the condition of being 
black radiators. Paschen studied the nuliation of polished platinum 
and of lamp-black, and stated as the result of his experiments that it 
could be represented bv the formula 

4 

where a is a constant depending on the nature of the substance, Ha 
gave the values a = 6"42 and a = 5'53 for EKilished platinum and lamp 
black respectively. If the above formula is true* then Paschon a results 
imply that the total radiation from the*e substances is proportional to 
tr' l T the value of the exponent luring 5"42 for platinum ami 4 53 for 
lamp-black, 

Lumliter and Kurlbauiu surrounded the heated body with a box of 
poli&hcd platinum having a small aperture op]>osite which the Wo- 
metur was placed. This constitutes an approximation to the condition 
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of a black body. They found that the total radiation varied m the 
following powers of the temperature—& for polished platinum, 4 5 
for oxide of iron, and nearly 4 for lamp-black and for platinum black. 
This shows that the two latter substances in a rejecting enclosure 
radiate approximately ns black bodies. 

Lutnmer and Fringphoim investigated (he distribution of energy 
in the spectrum of healed platinum, and using the platinum box 
mentioned above, found that the maximum emissive power E m varied 
ns the sixth power of the temperature. This accords with the results 
of Lumtiicr and Kurlbaum for the total radiation, assuming Fascfaen'S 
equation. P&seheir found that l jH 0 h con-scant for polished platinum, 
and this result was confirmed by Lnminer and Pringsheim, who gave 
the value 2630 for this constant, A in being measured in microns. 

Assuming that the radiation from the following sources is inter¬ 
mediate! between that of platinum and that of a black body* Liimmer 
and Pringiheim gave the limits of their temperatures as in the table. 






Electric are . - 

o-r 

4B00 3 ab*. 

3750 3 fibs. 

»th*t Iwia E» + 

12 

24m 

2200 

Aurr lamp 

V3 

2^0 

2200 

Incaftdtw^R t lamp 

14 

2100 

1S7& 

Candle 

1-5 

1200 

1750 

Arg&Hil Iftiup * + 

, i ■;»& 

1200 

1700 


Violle, by a calorimetric method, evaluated the temperature of the 
electric are at 3900 aba*; Wilson and Gray, by extrapolating the 
curve of emission of copper oxide, found the value 3600 3 ■ Abney and 
Fes ting gave, for the electric are t A p „=O r T^i. which, hy the method 
given above, cor respond * to the limits 4000 and 3GO0 1 ; Wanner, by 
prolonging the isochroma tic lines for the incandescent lamp, obtai ned 
the values 3700 for the negative and 3850 for the positive carbon 
of the electric arc. As carbon appears to radiate approximately us a 
black body, and as the crater-like form of the positive carbon is a step 
towards the form of a radiating enclosure, it seems probable that most 
of these values arc too low. and that the temperature of the electric 
arc may be taken to lie somewhat over 4000' absolute, probably as 
much as 3800 C. 

We have seen that the value of the constant k m B ie 2940 for black 
bodies and 2630 for platinum. This indicates that the maximum 
of the emissive power is nearer the luminous part of the spectrum in 
the case of platinum than of a black body, so that the radiation of 
heated platinum appears to be lees deficient in short than in long 
waves. This seems to be the case with other substances, for Becquerel 
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full rid i hut eIic light-intensity of glowing bodies does not depend much 
on their nature h This is an Argument in favour of the nee of the 
photometric method for the measurement of temperature, when the 
conditions of a black body cannot be realised., 

290. FGry's Radial Ion Pyrometer. —The first practical form of 
pyrometer making use of total radiation was invented by Ptoy. 1 
The instrument is shown in section in Fig, 185. The radiation 
from the hot body is focussed by means of the concave mirror on 
to a sensitive thermo-couple mounted At l); the electromotive force 



generated by the couple is indicated on a galvanometer connected to 
the terminals EB. 

In a second and later form of the instrument Ftry has replaced 
the thermo-couple and galvanometer by a bi-metallic (nickel-steel 
and brass) spiral placed in the focus of the mirror. "When heated, 
the spiral uncoils and carries an rd urn in Sum pointer over a din! 



Fla. l m. 


divided in degrees of temperature, thus dispensing with the 
galvanometer* 

Mr* K. ft. Whipple,/ in conjunction with Professor F4ry T has 
introduced a modification of the radiation pyrometer, in which the 
mirror is focussed on to the inside end of a long closed tube, Fig, 186, 

1 ^ Li intaiL^ dt:-H tetnprribntefl £kvt'*b *t k lei d« Stefin/ P C. Frry,‘ Cample* 
J&Htlun i If t A endemic dti 8cienGei r voL 134, p. B7i ; 1 ^02, 

y 44 Modem Methods or ,\ka-HuriDg Tstnparatore** Robert «S. Whipple, 
iftfft a/ !A f fttilitut [in* a/ JTtcAu r\ im l Engimmin CiMnbridffe f 2&tli Jnly IEU3* 
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thus rendering the instruments" readings independent of the nature 
oE the furnace or material into which the tube is placet]. This pyro- 
motor is jHirtienlarly suitable for determining the temperature of 
molten metal in a crucible, the tube being plunged directly into the 
moral 

291. The Solar Constant* L —The quantity of hent received in one 
minute from the aun at his mean distance from the earth, by one 
hi]uarc centimetre of a perfectly absorbing surface presented normally 
toward# the still, am I supposed to be situated just outside qur atmo¬ 
sphere, is known jw the 8$Iw c&HStani. It is very probable that thin 
quantity is not in reality constant, for it cannot he assumed that the 
successive portions of the sun's surface which are presented to up have 
all the same radiating power ; and further, there is reason to believe 
that the heating effect of the sun undergoes a periodical variation 
corresponding to the variation in the area of sunspou, the period 
being roughly about 35 year*. 

The method usually adopted for finding the value of the solar 
constant is to liud the rate at which bmi h received at the earth's 
surface during *uce&anve periods of the same day* The thickness of 
atmosphere traversed may be then taken to be proportional to the 
secant of the sun s zenith distance* Applying then liiot/s formula for 
the intensity 1 of radiation transmitted through a thickness i of a 
medium whoso coefficient of absorption is i\ we have 

where 1 is the intensity of the incident beam* As we do not know l\ 
and as t refers to thicknesses of varying density, it will lie convenient 
to write this equation 

where S is the solar constant and S r the fraction transmitted by the 
atmosphere, d a constant called the ttanmmum not yet 

determined, and : the sun s zenith distance, l being proportional to 

- If now we give to rr siiqh a value as will make 8 constant for 
all the observations, then we may take this as the true value of a. 
The formula then gives 8. 

There are many objections to this method. In the first place, a 
large number of rays of very short wave length are probably rrmpUtdy 
absorbed by the upper layer* of the air, and no allowance for these is 
possible. Again, the rays have to pass through a proportionately 

1 8 » th* IfcBpwt h A. Oov* T Support* yrcsenUt J*irr HOltimal d$ 

PAfwifiU, vul iiu ^ 4515; 1000. 
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fireaur thickness of the lower layers when the incidence is von- oblique 
° w, "£ to the earth's curvature; also, the varying amosm* 0 f reflection 
from the different layer* is unknown. To eliminate ns far as possible the 
errors due to atmospheric absorption, it is advisable (a) to select those 
series of experiments which have been performed on the most favourable 
days, mid (A) to carry out the observations at as high an altitude ns pos- 
sible. The best days for experiment me not always those which appear 

t01 il0 e ? p ' Oonorully speaking, i he day.which the sky is bluest 

and scatter the greatest amount of polarised light are tbo ^ favour- 
able, On this account i lie cyan o meter and perimeter ar« of crest use in 
forming an opinion, M. Crova found that, at Montpellier, onlv four or 
live days in the year wen fully satisfactory. Jf the ground is at all 
moist, the lest time for observing is hefore noon. Towards noon the 
observed radiation falls «>IK P owing to the air becoming charged with 
moisture by evaporation. If the soil is very dry the absorption* are 
liable to be affected by hot currents arising from the heated ground, ft 
is obviously difficult to carry out an experiment ui a high altitude and 
at the same time to secure a favourable day, M. Crova performed a 
nuniber of experiment* on Moot Vaatoux and some on Mont Blanc 

Besides the formula above given, many other* have been aaggosted 
some of these are based ou a calculation of the mu* of air traversed' 
uud when applied to the observation* obtained on those day* on which 
the observed heating effect is a maximum, give very consistent values 
for the solar constant at various hours of the dor. 

The instruments used to measure the rate at which heat Is received 
at the earths surface are tailed actinometer* or pvrohclbineters, 
TIibbc are small calorimetric apparatus, blackened externally, and ex¬ 
posed alternately in the sunshine and in shade. If the air is nut 
perfectly calm, it is necessary to enclose them j„ a sheltering envelop 
The temperature is measured by a thermoelectric junction. Jt is 
advisable to allow the temperature to rise only a little aliovc that of 
the surrounding air, as Newton* kw can then be used for the cooling 
correction. Since only small difference* of temperature are observed, 
these can be estimated to nearly 0 *001 C. The heat ca JM city of the 
blackened body being known, the heat received per minute Is deter¬ 
mined from the rate of rise of temjiemture. One of the brat form* 
of instruments of this type is the Angstrom pyrohelioineterd The 
principle employed is simple. Two thin metal strips 3 (20 turn, long, 

1 K. s, Whi (.[.!*, ■'lustra menu for the Mci*lrcmcst of &iinr FMIstffln " Tmiu. 

att,VU!, 0/ thr Optical today, Loudnc, ISIS. A full .Wiptiob ,f tC variant 
iDfttnuatnka llstd LQ eoIat mdlitiott will be found i n ihj* pajxir. 

3 As originally coiutniot*J by logstrbm Lite strips w,<t e uf jilmiuunj. but 

3q 


594 


THEORY OF IIEAT 


fllAP, vi 


15 nun. wide, and '02 mm* tliick) are alternately export! to the 
radiation to be measured. When one strip ia being heated by the 
radiation fidling upon it, the other strip, which although shielded is 
close to the exposed atrip, b heated to the same temperature by an 
electrie current passing through it. Equality of temperature is 
indicated by a sensitive galvanometer connected to a pair of eopper- 
eonatantan thermo-junctions s attached to the back of the receiving 
strips, but insulated from them by thin Silk paper and shellac vanish. 

It is then assumed that the energy expended in the electrically 
heated strip is equal to the radiant energy absorbed by the exposed 
atrip* 

The amount of energy absorbed by each particular instrument 
depends on three factory which must be accurately known, vEi*. the 
width and resiatauoo "f the strips and the coefficient of al^orption of 
the smoke-black film on the strips. * 1 * 

Knowing these values, the absolute value of ibu radiation may be 
determined. 

The radiated energy absorbed by unit length of (ho strips = yah, 
where 

■f t Elg mJintmn iu C- * ■.S. imics, 
k - the uieHicicai -nf Ab^rptLon, O-iiS, 
fr=fcho width yf the atrip in esntsnictrcb. 

Again, if t be the intensity of the current and r the resistance of 
unit length, then the electrical power used to balance the radiated 
energy Is n s watts. 

Accordingly # 

foi^rf^Kod 

This formula gi vm the (strength of the radiation in watt* jxji 
sq. cm. 

Fig. ISY s shews a section of Abbott and Fowled absolute 
pyrhelioruetcr, which is composed of a black-body receiver combined 
with a flow calorimeter, the chief innovation being the adoption of a 
hollow absorbing chamber to receive the solar ray is. Such a chamber 
hiia approximately the proper tic* of a jxirfocl black body, mid i* 
almost a perfect absorber* 3 Consequently no correction in needed 
for the reflection of rays from the receiving surface. 

CkttiffUr having shown tLat the trlirpcratiirH eih-flidisnt bf lb is nut*] vra* -a sr- Him* 
mum aftirTor, of mugamn *r« now Employed* 

1 Tlifr absorption oadficirut in gtuftmUj gives m ps yvr cent in ft new inutru- 
fuent- the nvitlent;* 1 btitmi.i tcuhovr Eh at tUo bltu-k dflU'riciniicft in time, Hie abHorp- 
tioEl coefficient becoming HTJialk'TV 

* of tfu Atf rophyg, <>£*., qf tht j£HUfA#*triafi /twtitfitiori, vo!_ it, p, ^Q r 

3 It. S r Whipple, faf r itij£. fil. 
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AA is n c hiLcubcr o/ about 3"0 cm, inside du meter, whose wtUJ& 
anj hollow, and adapted for the circulation of a stream of water. 
The stream enter*, at E mud bathes the walls and rear of the chamber 
find the cone-shaped receiver of rays If, arid posses off m P, carrying 
away the heat developed by the solar rays which entered the chamber 
l.y the measured orifice C. At If, and D, are platinum coils adapted 
to measure the rise of temperature of the water due to the heating. 
The vestibule BB through which the rays peas is hath# by the 
outflowing water which escape* at F. The water flows in a spiral 



Ftp. ]M, Wa h-r-How |tyr||#|<,mr^r. 


channel round and roiinrl the vestibule 11, ho that it is effectually 
kept at a constant temperature. The circulation of the inflowing 
water in the walls of the chamber A A is also effected by means of 
a spiral channel cut from the front to the back, thence by a spiral of 
decreasing radios down to the centre of the back of the chamber, 
then by a spiral on the cone-shaped piece It until it emerge* into 
the tube which loads to D^. In order to prevent outside temperature 
influences from vitiating the observation, the whole apparatus is 
enclosed in the Dewir vacuum flask KVL, end to prevent the breakage 
of lhe flask it is enclosed in a brass tubular receptacle. 1 inference 
should be made to the original paper fur information as to the con¬ 
struction of the resistance t hermometer coils, the method of maintain¬ 
ing the water flow constant, etc. On the back of the receiving.core 
II, a coil of manganin wire is wound, forming a heating coil by means of 
which a definite quantity of electrical energy can Iks dissipated in 
the instrument. In this way a direct comparison may be m ad e be¬ 
tween the temperature rise in the outflowing water caused by solar 
radiation and that caused by a known quantity of electrical energy. 

Besides these, recording actinometera are also used. In these the 
blackened thermo-electric junction is continuously exposed to tire sun 
and has a very small heat-capacity, so that it ran take up a tempera¬ 
ture of equilibrium very rapidly. A continuous record of the change 
of temperature is given by allowing the spot of light from the galvnito. 
meter mirror to fitll on a uniformly moving atrip of photographic 
paper or similar device. These instrument* tniis* be standardised by 
comparison with otic of the former kiiirl. 
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The results of observation vary a good deal Violle obtained 
2*5 calorie* on Mont Blanc; Langley 3 calories on Mount Whitney ; 
Sa veli of ^ 81 and 3 4 calories at Kief. The latter figure was got under 
especially favourable circu id stances, the ground being covered thickly 
with snow, while the maxi muni temperature during the day was 
- 18 C.; I he uir was consequently very clear and free from moisture. 
Angstrom* introducing into his calculation a term to correct lor 
absorption of cur bon dioxide, obtained 4 calorics at Ixelu ; I loin Ini lie 
2’& calories on Mont Yentoux; and Rimsky 3’0 and 3'4 calories on 
Mont Blanc. Several of these observers used a form of instrument 
designed by M. Crova. The hitter physicist obtained values as high 
jis 1"6 and 17 calories at Montpellier, without allowing for atrno 
spheric absorption j the solar constant must. be greater than this, and 
he was of opinion that it is not less than 3 calories per square centb 
p metre per minute. This estimate is now regarded as much too high, 
the moat approved value being that obtained for the period 1904-9 
by C G, Abbott, 1 Director of the Astrophysics I Observatory, 
Smithsonian Institution, Washington, vaz. 1 935 calories j>@r square 
centimetre per minute, 

A solar calorimeter in the form of an approximately parabolic 
bowl-shaped reflector was used in Egypt in 1882 by Mr. J, T, 
Buchanan.- A blackened silver tube containing water was fixed in 
the position of the axis of the concave reflector, and within this was 
another tube projecting about 16 inches from the reflector; this w r as 
surrounded by a condenser, and ihe rate o! distillation woe measured. 
The remit obtained on a hob calm day wjis only 0'fi9 calorie. This 
number is interesting as representing an amount of heat which i> 
practically available for boiling water, but it is obviously too low for a 
theoretical result, No correction was made for the heat required to 
raise the water to the boiling-point, as the water was supplied from the 
top of the condenser which was at the boiling point* An appreciable 
fraction of the radiation must have been lost owing to imperfect 
reflection, and this does not appear to have been allowed for. There 
was also a considerable amount of fine dust in the atmosphere, although 
the air appeared clear. 

292, Effective Temperature of the $un + -The temperature which 

1 Annni* of the Aztrvphyw. Oht r qf Smlikmm&m huttivUm, vd iil n r 100 
1010; JV&NiPf, Juno 1*11. ^ * 

* e™** ** /Vo£ - ^ P*t i t JH. as P 1900- jVbiurt- Vu ! km. 

p. 1SQK 

1 Sm» |“P«r by ,T. 1L PoyntSng. rhiL Tfaiu. vol ccie. A, f>. f.25, IlKKt Pwl 
PeviUmj: ptvliiL-i* t* the nom “fid! milkur" iiulend of " bWk Imly ' h owing 
m tLs loco Dimity in apply ty *J» Utiticxpnmhn tu kmuan* bodi** 
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niusL be assigned to the suu in order that his total radiation should 
have its act mil value, on the assumption that he radiates as a black 
body, is called the effective temperature of the sun. If we know- the 
value of the solar constant we can calculate his temperature Let 
K be she radiation per square centimetre at the sun's surface, $ his 
radios, and r the distance of the earth, then the total radiation over 
the slui'h surface is -hr^R* and this moat be equal to the radiation 
is^S over a sphere of radius r with the sun as centre; therefore 



Prof. Poynling consider** for tv reason that will be explained presently, 
that the best of the various values given for -S is calories* as de¬ 
duced by Wilson and Cray from Rosetti's calculations. This gives 

h 017* XIQ' = 0 'm x 10'h 

On putting, in accordance with Stefan’s law, 




and adopting Kurlhaum^ value for w t namely, 5*32 * lOr*. we get 

0-fl2OO* absolute 

aa a probable value for the sun's temperature. 

Wilson compared the radiation from the sun w ith that from a 
black body, and assuming the ume percentage absorption in the 
atmosphere, deduced as the result of his experiments, 

H-577S fttis. 

Somewhat higher valuer have been obtained by other observers 
Lb G. Abbott estimates the temperature at 158 iG absolute. 

Prof. Fay n ting calculate* the temperature of a planet in tempera¬ 
ture equilibrium at the distance of the earth from the gun, and, 
eo in paring the result with the actual mean temperature of the earth, 
uses it to discriminate between the various numbers given for the solar 
constant. As, according to Langley, the moon reHects about | of the 
radiation received* it not likely that the earth reflects more than £ i fll 
as the atmosphere increases the absorbing power. If the earth rebecte 
less than thi^ it will not make much difference in the result of the 
calculation, as the value arrived at for the temperature depends on 
the fourth root of the absorptive power, and V0'9 0 S 974* which is not 

much less than unity - 

The following assumption* are made to simplify the calculation. 
The planet is kUippu^ed to he routing about an axis perpendicular to 
the plane of its orbit. This will make the temperature of the poles 
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too low and that of the eijunior too high, and thus give a mean 
temperature which is a little too low, but the difference may be 
neglect mi for our purpose. It i* also assumed that the effect of the 
atmosphere is to keep the temperature constant day and night in any 
given latitude, which is approximately true for the earth. It is 
further assumed that no conduction of heat takes place from one 
latitude to another, and (hat the surface and the atmosphere over it 
at any point have one effective temperature ns a full radiator. Making 
these suppositions, let ns consider a band of 
the surface between latitudes A :md A + J\. 
The urea receiving heat from the gun at any 
instant, if projected normally to the stream 
of solar radiation, is (Fig. 188 ) 

cos \co« A =2,1 ea*- \ii\ 

where r is the radius of the planet. The 
amount of energy absorbed per second by ibis 
band is, if S is the solar constant, a ml /t the 
absorptive power, 

m mil- VA. 

But the hand all round the globe is radiating equally, so that the 
radiating are a 

C*h \ . rd\ — 2 itt* ixis \it\ ; 

ami as, on the assumption of temperature equilibrium, all the heat 
received by this area is radiated by it again, we have, as the radiation 
[H?r square centimetre, 

u S „ 2r- £t*P \ii\ 4^ \ 

2ir r s eo&y i \“~ ^ * 

rf the effective temperature for this latitude is 0* then, aimlvioe 
Sto fun's laVi J p 

04 _ " S I 'tH V 
A Tff 1 

and the average temperature over the globe, being the same as for 
one hAmiiphere 7 in 

1 '* 

S = ^ A ■ I'OJi 

* 

^ IW \t,) 

Evaluating thii exprouion^ we get 


n||i4i[ u t e+ 
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This is about the mean temperature of the earths surface, and 
hertL-e Prof, Pojnting adopts tin value of S which leads to this result* 
in preference to other values which give higher temperatures. It 
should be remembered, however* that we have assumed Stefan's law 
for the earths radiation. We have also further assumed that the 
earth is radiating energy at the same rate as it receives it, is. that 
itn surface w in temperature equilibrium with the aqua radiation. 
The surface of the earth must In? at a somewhat higher temperature 
than this, since it is eontinttilly receiving boat from the interior. 
Prot doJy 1 calculates that the amount of heat coming to the surface 
is about 0-000075 of a calorie per sq. cm. per minute. 

However, if wo regard the assumptions approximately true, 
and if we suppose the planets to be in a state of simitar temperature 
equilibrium, theu wo may calculate their mean temperatures by the 
simple formula 



where B p is the temperature of the planet, and r p its distance from the 
sun, B f and r f being corresponding quantities for the earth. For the 
temperature is proportional to the fourth root of the radiation, and 
the radiation is inversely proportional to the square of the distance 
from the hud. Prof. Poynting gives 60* C. as the mean temperature of 
Venus determined in this way, ami the teni|jerature of Mars as being 
near the freezing-point of mercury. The corresponding figure for 
Neptune ia about - 200Langley calculated thnt the surface of 
the full moon its only a few degrees above the frrozing-|>omt of water; 
Poy nting, however, gives * higher estimate. 


Emm} *fc 

], ¥iii d ihii ttinqicmurc of equilibrium of * perfectly black dims espo^d 
normally ta thr 3 UII& my* at the diotuce of tb«**ntb; pnpporiiig that it hl£ a. 
ildij ■ eoi kI tit 1 1 i ikj^ ticking, on lb At it tan white only tu a huimphen of sp*w. 

JLet & util ft t# tln> dr.unities of t h# ^na radiaiit oMt-rgy *1 Ufo surface ±nd at 
tj,r distance of tbo rartb, r tbr radius of thr >.un r R the duiL-tncc of I In r rurtla, and 
H i thr L-lhH-tive hampemtttlfl of theaon, thro 

t*_ r% 

For equilibrium, the disc Banal he emitting energy at the mdh rate a* it receive* it, 
therefor* thedfawty of the emitted energy In the immediate rveightoarhood of the 
din? b {negating the falliu^-nlf at the edge* of the dha\. This aRowh that tbo 


T^pspera- 

nn**s nf 
ptotieU. 


tititfimCtivtfij and ji. 75. 
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tempmtnj* of the daw: d^ea uot depend cm whether the inchkut ridintiun u 

nr We may tWefcr* apply Stcfail's Inw f mi l put, if 0* b the rei|ULr+-c3 

(en^w-mtur*. 
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If w« «.-= «sM 0 ~. r 480,000 mi ten, 11 = 0 . 1 , 000,000 tnil«s, this jjiTe* 

0,=r4SM’abt = lWC. 

H we ftuppojicd the disc to rjdiel^ m liulh. md^ wi- di&lllrl have to put far f FB 
no tint tbe result would I* ilivkltd Uy % '], or ft r = SrC.}] 
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CONDUCTION 
SECTION 1 

ON THE CONDtfGTlV ITY 0 Y FOLIOS 

293> Preliminary Considerations*— One of the three precedes by 
which boat i* transferred from one body to another, or from one part 
of a body to another, h termed conduction; the other two have been 
considered already, and arc known as convection and radiation, In 
the case of radiation the propagation takes place with the velocity 
of light T and* except in the ease of absorbing media, when radiant 
energy is transmitted through any body, it leaves the intermediate 
parts apparently unaffected. 

The propagation of heat by conduction, on the other hand, is 
comparatively a very slow process, and the beat, in travelling through 
it body by this method, increases the temperature of the intermediate 
parte, and remain* partly lodged in them, at [east until a stationary 
condition u attained. When one end of a metal rod is placed in a 
IniDpdlame, a gradual riae of temperature is noticed along the bar, 
the parte nearest the Same being warmer than those more remote. 
For some time the temperature at each point of the bar gradually 
increases, but ultimately a stationary condition is reached, mid the 
temperature at each point remains permanently the same. In this 
stationary state, however, there is still a flow of heat along the rod, 
anil the temperature has become steady* merely because the heat b 
radiated from the surface of the rod as fast a* it is supplied at the end. 

The process of conduction b usually regarded its essentially different 
from that of radiation, and it is sometimes described at the passage of 
heat from one body id another* or from one part of a body to another, 
<L hy contact/ 1 m that the heat passes from one layer to another while 
the matter remains at rest. This mode of passage mighi be intelligible 
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if htsit waftt regarded as a Hold, but from any oilier point of view it 
is without meaning. In the proeena of radiation heat propugut&d 
sis si free-wave motion in the ether, but in the process of conduction 
the action of the mutter ill rough which the heat travels becomes of 
prime importance. Each molecule m it becomes heated may affect 
those around it, either by direct radiation or by forcing into vibra¬ 
tion those with which it may come into contact. On consideration, 
therefore, it will appear that no entirely mw process is essentially 
involved in the conduction of heat, but that all equalisation of tem¬ 
perature may be effected either by convection or by t process of 
inEermuluciilar radiation and absorption. 

Let ua return to the molecular theory, and Assimilate the molecules 
of a body to tuning-forks, or other vibrating systems, curb having one 
or more definite period* of vibration, and, bearing in mind what has 
been already stated in Art, 0 T let us consider the projwigation of 
heat along a bar heated at one end. For greater clearness let us 
suppose that the end of the bar is heated by being placed very close 
to a hot radiating surface* such ns a white-hut metal ball, and let ibe 
molecules of the bar be supposed free to vibrato independently— 
that ins, spaced in the ether so that they may vibrate freely. The 
ball h then to be regarded merely ns a source of waves in the ether, 
which, when emitted, full upon the end of the bar. These waves are 
at first chiefly need up in setting in vibration a thin layer of molecules 
at the end of the bar. This layer (which we may say is a few millions 
of molecules deep) absorbs the waves at fim almost completely, and 
protects those behind from disturbance. Very soon, howcver+ the 
front molecules arc set in active vibration, and become sourcea of 
disturbance ihetnsahrets, radiating waves in the ether, so tli&t new 
moleculca in tbe rear begin to be *et in motion, and the disturbance 
is thus gradually propagated along the bur by a process of absorption 
and subsequent radiation (by the molecules) of tbe waves from the 
source of heat. 1 

Mo far wo have no contact considerations whatever, tbe whole 
process is simply the propagation of wave motion through an absorb¬ 
ing system- Of course tbe molecules may ho in contact, at least 
some of ihetn may, and jangling may tike place* so that when one 
molecule sh disturbed it forces tin vibrations of others close to it. 
The supposition of actual contact is T however, not absolutely accessary 
to the intelligible explanation of the phenomenon, as will perhaps be 
more clear from the following illustration* 

Let us fillppowsr* that a vast number of bontd are moored in a 

* Art. *01 fot I Initlf i Uicorj of heal couiki; tiOtL 
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large harbour, and let each boat floating on the water correspond to 
n molecule of matter in the ether. Now let a Morin arise at some 
distance out at sea, and let the waves travelling to shore approach 
the harbour, and he of such a period that the boats absorb them and 
are thus set vibrating* Tile first wave* which arrive will be almost 
entirely absorbed by the front row of l>oatn r so that those nearer land 
are ijuitc protected from disturbance. After a little, however, the 
front ranks arc in violent oscillation anil cease to absorb any sensible 
fraction of fbe waves which fall upon them; or, regarded from the 
other point of view, they radiate as touch as they absorb. The 
waves are now able to penetrate farther, iiod gradually reach the 
Wats in the rear, so (bat the disturbance is thus gradually eomiwtid 
through the whole system. 

The propagation of a disturbance in this manner would bu existed 
to be a fairly slow process, such a* we actually observe in nature^ 
the rate of projwigation being determined by the rate at which the 
waves are absorbed by the molecule* and by tbe molecular capacities 
— that is, by the uhole period of absorption of any molecule, or 
the interval of time between tbe commencement of absorption by a 
molecule* anil the stage at which it radiates as much as it absorbs. 
This interval will, of course, depend on the nature of the molecules, 
and the conductivity may be expected to vary considerably in different 
substances, 3 The simplest experiment* show ua that different bodies 
vary enormously in conducting powers. For example, a silver spoon 
placed in a cup of hot tea soon become* heated throughout its length* 
while n glass rod placed in the same cup will scarcely ever show any 
perceptible increase of temperature at its farther end ; but although 
we have substances like glaaa which arc bad conductors of heat, yet 
we have no non-conductor* of heat as we have non-conductor of 
electricity. This is a serious di^advantage, and i* much felt in almost 
every department of practical life. 

Comparison or Cokductiyitibs 

294, Ingen-Hausz's Experiment. One of the earliest methods of 
rotiilMirinp the conductivities of different bodies for heat wm atiggwtefl 
by Franklin, and the comparison was carried out by IngenHaiiez.' 

3 VU'U't .-.upi^cd that beat ascends in a sulul SucMfa rfi|• isi1 y than it. dmeeiidft, but 

obsmati&R* which led him to this npioinlj wvm probably mltufarrd in a com 
sbtoroWe ddgrs* by upward air enmnta. Far avail in lha aa-calkd Ticuum of uti 
air-pump sufficient air remains to bji plain hiiVxj^riaiaaU. A winding current* &ro 
prwluciti in llin n^i^likuifliowl of tli-o- hot Wj, mul Tor lhi» t^oii Gol>] lif CWl- 
tLBiplly approaches iu* ]owcr *Q that the heat i* carried upwunk. 

p lng*n Hau*r (Jotn:: ifc Sur 1 h tiatAUX rovnios conductearv de Sa chakmV 
Jffurn. k /Vji,o. tom. Xltxiv. pp. ^0 \ lTbfl. 
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Bar* of the various substance* were prepared and coated with bee* 
wax. Their ends were then immersed in a bath A of hot oil 
(Fig, 189), and after standing some time it was observed that line 
wax was melted off ibe different bars to different length*. On some 
of the \xivz the wax is melted off more rapidly* and on some to 
greater distances* than on others, but it does not hold that those 

from which the wax is melted most 
rapidly at first are those from which 
at will be furthest melted on prolonged 
immersion. If all the bars had the 
same conducting power—-that is, allowed 
the same Row of heat per unit time— 
then when the wax is melting the 
temperature at any point of the bar 
will ho less the greater the specific 
heat, so that on those of the lowest 
specific heat the wax: will melt most rapidly ; but on prolonged im¬ 
mersion the temperature of the bar reaches a permanent stale* and all 
the heat which enters it by conduction leaves it by radiation. 

It has been demonstrated by Professor Tyndall that the tempera 
turewave travels faster in bismuth than in iron, though the conductivity 
of bismuth is much less than that of iron. The specific heat become* 
of no account when the stationary state U attained, and the length 
of wax melted will be greater as the conductivity is greater. The 
length melted off when the permanent stale is arrived at will pot, 
however, be in the simple ratio of the conductivities, but if the bars 
have 1 ho same cross-section and the same coefficients of emission, we 
shall show further oil that the conductivities k and h f of any two on 
which the lengths ultimately melted off are l and Y are related by the 
equation 

k P 

To secure the same coefficient of emission the bars may be electro 
plated and polished. The rate of molting of the wax on any bar 
measure* the rate at which a wave of temperature travels along it, 
but this is not the conductivity. The relative conductivities are 
determined alone from the lengths melted off when the ptmmmt 
&a$6 is arrived at. 

Another form of the experiment consign in attaching small pellets 
to the lower sides of the bars by means of wax. The temperature ai 
which lho wax h sufficiently softened to allow the pellets to fall off 
travels along the bars at different rates, but if the balls be equally 
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spaced Ehe conductivities will bo as tlio squares of the numbers of balls 
melted off when the permanent state is attained. 

Rectilinear Flow of Heat Conduction through an 
Infinite Wall 

295. Precise Definition of Conductivity.—The first to give a 
thoroughly scientific definition of con ducting power was Fourier. who, 
ill hh Thiorfc QJUtlytiqvi dr fci rhakttr (1S22), treated the subject of the 
propagation of heat with a power ansi completeness which left little 
room for extension or improvement, and suggested or rendered possible 
almost all later developments. 1 

In order to obtain an exact notion of conduction, let us consider 
the case of a plane lamina or wall* with parallel faces, one of winch is 
kept at n fixed temperature while the other is maintained at B r 
JHere there will be established a permanent state and a uEilfarm flow 
of heat from the hottL-r to the colder face, and the temperature may 
be taken to fall uniformly from 6 I 1 at one face to H. at the other, if 
the wall be throughout of the same material, and if the conducting 
power does not depend on the temporal lire. Hence, if we consider 
any plane drawn in the wall parallel to the face*, it is clear that the 
same quantity of heat will pass across every souh plane per second 
when the permanent state is established. 

In estimating this quantity of heat the first principle that we 
make use of in, that the quantity of heat which Hows through such a 
wall is directly proportional to the difference of temperature (0 X IQ 
of its faces* This we may regard as established by experiment. 
From this it will follow that for walls of the same substance and of 
different thicknesses, w'hose faces have the same temperature difference 
(0j - the how will bo in the inverse ratio of the thickness. For 
since the difference of temperature between I he face* is the same for 
all the walls, then the fall per unit thickness is inversely as the thick¬ 
ness, and consequently the How through a plate of unit thickness 
of any wail, which is the same ni the How through the wall, will 
he inversely as the thickness of the wall. Further, the quantity of 
heat which Hows through an area A of such a wall in a time t will 
bo proportional to A and also to t. We consequently have for the 
quantity which Hows through a plate of area A and thickness t in 
a time f — 

1 With respect to ^mricr'ji Work, Vwf«.^or Tfti t b4Vh: ** [£■ ci<|LU>j I fly Qf\g\ lul 
niethodji have been I ht iunreni of inspiration of some of e1h> grcAtL'St n«aih*TUatrcjaiL& * 
■ml ih« meTL- a|ip3ie.itLoti of One of its e implicit porticina to Iho COitd LUrtiun of 
Blectiidty lias ikuw^Ii- the hauls yf Ohm f-Liu.cn;= r "' 
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Thu coefficient K is a quantity depending on the nature of the eub* 
stance, &tid is railed the eonduciivity of the BubaUnce. Taking the 
case of a wall of unit thickness, with unit difference of temjreratnre 
between its faces, we find that the conductivity A." is nttmerifnUt/ vpmt 
to the quantity of heat whieh flow* par unit time through unit area of o pla te 
of unit thiehuss, haring mil difference of temperature between Uafaea, 

If wo suppose the lamina to have an infinitely small thickness tfo 
and an infinitely small temperature difference il9 between its faces, 
the quantity of heat which ibw* through ir in a small time off will bo 




KA ^ 


The quantity <IB <lr is the gradient of temjurat»re at. any point -that is. 
the change of temperature jier unit thickness and the above espree 
simi for Q, which is of fundamental importance in the theory of 
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conduction, expresses that the How through unit area per unit lime 
is equal to the conductivity K multiplied by the temperature gradient 
We have so far considered the substance honiogQn**»_thiit is 
that each layer of the wall possesses the same conducting power so 
that the temperature falls uniformly from one face to the other arid 
the temperature gradient is uniform. The curve representing the 
relation between the temperature (i «any point and the distance * of 
the point from one face will therefore 1* a right lino (Fig. ]9u)_ 

# = d 4 ikrr. 


The constants a and h are easily determined, for when ^i) ve have 
& = 0 V therefore «=# t j and when *=e we have 0 = « fh „ fifrirn 

- >-<»:-«,)'■ Th. ,™ pe „» lm „ t my %^" 

wall ta consequently 
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Jf n however, the various layer* of the wall have different conductivities 
the temporal lire gradient will not be uniform, and t he relation between 
6 and x will not lx* linear. When the conductivity h good the slope 
of temperature will be small, but the reverse will hold when the con 
ductility is bud. Fig. 191 would represent the temperature curve for 
a wait in which the conductivity gradually improved from the face 0, 
to the face fL Something like this hi ay actually hold in nature, for 
the quantity K, instead o! being a constant for a given hind of matter, 
will in general depend upon its physical state As regards temperature 
and pressure. We know that electrical conductivity diminishes as the 
temperature rises, and the evidence as to thermal conductivity points 
in the same direction* In genera), those substances which are the 
best conductor? of electricity are also the best conductors of heat, and 
anything which a [foots one may also influence the other In the cose 
of the wall considered above, the temperatures of the layers near the 
face are higher than those near the face ft,; consequently, if the 
conductivity at high is less than at low temperatures, the slop of 
temperature will be ateejJer near the face 0 3 than near the face 0 r 
In h^lIE such cases, however, when the steady slate is established, 
the quantity of heat which passes each layer is the same, and we 
have therefore 

T y<? 

k — ■ constant. 

Hence if K be given ;ts a function of / and 0 t the above differential 
equation determines the form of the temperature curve and the gradient 
jit each point of the walL 

Kv P I. [CK varies as than— 

s - a*- + 

anil tbo tenipermtiiPft curve h CCn^Mrntly a parabola* 

Ex. 2, If K vnriiii inversely u we ImVc 

ik it 1 die tanpenttnro flurre in igaiti a 

Ex. 3 . If K 13 nropirtlQlul lo * F wo linve 

w * 

x — Af*' 

aqd the miipmnre curve b waawpicutly logarithmic. 

296. Steady Flow of Heat through a Long Bar.— Let u> now 

consider t he case of a long bar heated steadily at one end. For some 
time after the first application of heat at the end the temperature at 
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each point of the bar will gradually rise, but ultimately each point, 
will acquire a stationary tempera tun; and ei eteady flow will Labe place 
along the bar. Theoretically it w ould require an infinite time to reach 
this steady state, but it h practically attuned in a comparatively abort 
time, depending on the nature of the bar. Supposing this stage to 
have been attained, let if be the tempo rat lire of the surface at a dis* 
tance x from the hot end, measured along the axis of the bar. Then 
if we suppose the temperature gradient to he uniform over the cross- 
sect ion A of the bar at tide point, or if its mean value over the section 
he 48}i fas, the flow of heat per unit lime across this section will he 


Slut the temperature at on adjacent |>uint, j + Ax r will be 
since dOfdx the rate at which the temperature rises along the bar, 
and this multiplied by will be the rise of temperature in passing 
from the point x to x + Sr* if Se ho taken so small that ihe temperature 
gradient is sensibly constant between the two points. Hence the flow 
of heat across the section at the point * &c will he 



and consequently the excess of what flows in at one face of the element 
over what flows out at the other will be 


Now, in the steady state this excess must be entirely radiated 
from the surface of the element, and denoting the ^rimeier of the bar 
by pt the area of this surface is /*&■> so that if 8 be measured front the 
temperature of the surrounding medium—that is. if 8 is the excess of 
the temj>t!rature of tlm surface of the element over that of the gut- 
rouudiog medium* the heat radiated by the element will he E j*&ik r 
}Lssuming Newton's law, where K is the surface ejnkrdvity of the bar. 
Hence iti the steady stale we have 1 


1 This enjltadou Huy a 1 m be written in llw form 
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whoro for brevity wo have written 



It may be easily verified by Substitution that the solution of this 
tuition eh 

nrheno M and N arc Constanta to be determined by tie conditions of 
the problem L 

Cor. bvfen-Ilautz's Experiment .— In this ease the wax is melted olf 
a bar to a distance /, ami the temperature here is the melting-point 
of the wax. We also suppose that the leirn are very long, so that 
their extremities are at the temperature of the surrounding medium ; 
in this case wo have tho excess 6 = 0, when * *«■*&, therefore 

d= 11^* +Nf-r "= Mr* " t 

consequently 

il=0. 

Hut when -r = 0 the excels of temperature is that of the source $ w 
therefore 

and therefore we have in general for tho excess of temperature 0, at 
any distance x, 

9=**-*’, 

Now if on auy bar a length fj of the wax is melted oET, we have 

whore 0, is the melting-point of the wax, measured from the tempem- 
ture of the surrounding medium, and hence 


TiWtollV Kji« 05;i% hut tli in- rmual b« iviuiti'tEmhui^rl hy * fill ,>f fr'-mjHlfttUjt, mj 

tbrnl if ibe me of full of U-mpctutUhi cif lb*- element fc* - d&JtU wy hliv* 

E/?03x s± - f Aiar^t 

* 0 - t (mi! 



therefore, etc.—S m fiirtht*, Phit. Vag. t March I37P. pp. IPS, 2f.l F Dr O* J. Lcdgu, 

2 a 





<uo 


THEORY OV HEAT 


CHAT. Til 


Jfow for nil iho bars 0 l and i) |( are the ittroe, therefore if the wax i» 
melted off to distances f*, /*, etc,, we have 

PlA=*i4“# i s&- - ■ - tons tout, 

h'nr any two hare we have consequently 

h~£t, 

U H 


or 


l, s _ 

if KfAt' Mi' 


lienee if I he bars have the name cross-section, perimeter, and eoefti- 
i-ient of emission, we shall have 


k rt ? 

K l K, K, . 
~i? = TJ = i* =tte - 

*| <T 


or 


297. Comparison of Conductivities by Weans of Three Tempera¬ 
tures at Equal Distances. — Let the tompemtures of the bar (Fig. 192) 
at distance* f. m s + a> z + m 2a, be 0 V 0*, 0^ then we have 

= M^ yf + 4 in, fttip|wwi« r 

tf a ^ M^ T + *> + +«> - &<+* + 

Eliminating u and it from these equations we have 


tf, a 
i 


r t "a 


-0, 


or 


- ■"*“) - ft,! - €-*•) 4- jjpm. - j _ q 

Dividing by f*" - we have 
that is 

^-^*■•+1*0. 

# i 


Denoting by 2 h wo have tho quadratic 

^ 7 S!^ + X^o p 

or 

^*=*+ *w-7* 

!hv positive sign being taken with the radical, bcea U9 * in tlm experi¬ 
ment of Art, 2DH, fl^ + % is grater than ni ,d n is greater than 
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utilty, therefore a - vV - I is less than unity, Bui is greater 
than unity, hence we have finally 

M*=1og(*4 v^r-n 

and for two burs oF the same perimeter, section, and coefficient of 
eniisaioTi we have, taking ti ihe game ia both— 

f &} = *i-^l r h 4 sV i> 

\ K., lojff (i*. i ,>« 1 |' 

Hence, 3 by reading the temperatures of three thermometers placed at 



np i-e 


equal distances from each other in buns nf various substances, their 
conductivities may be com feared—that is, the specific or relative 
conductivity of any bar may be obtained, hut the absolute conductivity 
as defined irs Art. 295 remains still unknown. 

298. Despreizs Experiments. — The principles of the foregoing 
article were made use of by Desprctz 3 in a scries of experiments on 
the relative conductivities of bars of various metals The bar under 
experiment w as heated at one end by a steady lamp and the tempera- 
tures at various points of the bar were determined by means of 
thermometers which were inserted in small holes sunk into the axis 
of the I jar (Fig. 192). The thermometer* are brought into intimate 
contact with the bar b^v having their bulbs surrounded by a little 

1 This equation *iigg«r£H u method of com paring the enriuMtim of the iurfsci- 
»»f t hoi vrlsoH coated wiili different BittatAiito*, or when in dilT^nt stxtet of polish. 
For when a, and «, ire determined for thr mim- har in two difT*r*nt ourTue con¬ 
ditions, WC know tIlf rntio of io fL.— iliac i*, of &, to E,_ 

1 DtmprcU, Jn*.dr t 'kimis si rtf Ph$iiq*r r 2* mr h , tom. six. p. 9r, 1^ ■ and! 

Lom. XXI vi. p r 422, 1*27, 










612 


'THEORY Oh HEAT 


i'll AT. V| 1 


mercury, or in the case of high temperatures by a fusible alloy, place*] 
in the holes into which they are inserted. By this means the tempera¬ 
ture curve along the entire length *>f the bar can he plotted, and this 
curve h if the principle assumed in Art. 296 are accurately fulfilled, 
should be logarithmic. The conditions assumed in the theory are, 
however, only approximately fulfilled in practice, and the curve in 
found on trial lo bo only approximately logarithmic The logarithmic 
curve between any two points is found to lie above the experimental 
curve, so that the latter hits a greater sag towards the bar i\mn the 
former. 

In order to compare tho conductivities of two bars by the method 
of the foregoing article it is necessary that they should have the same 
surface emissivity, and this may lie secured, at least approximately, 
by coating them with lamp-black, or a black varnish, or by electro¬ 
plating, or more simply by covering them with white piper pasted o£l 
I f, in addition, the cross scetions and [trimeters of the bare under 
compar[*un be the same, the conductivities of any pair are coni]xired 
by the formula 

/S-!» s 

^ Kf log (% -i- y*i^ lY 

where, if 0 lt 6# 0, Jire the temperature excesses registered by three 
equidistant thermometers, then 2* (B v + &.J & t DespretK verified the 
theoretic deduction of the foregoing article, vis. that the temperature 
excesses of a series of equidistant thermometers along the same bur 
were related, by the equations 

•* V * ( '“ rte ‘ 

Objections Live been miser! to this method of experiment on the 
ground that the Thermometer holes stink in the bar introduce a dis¬ 
continuity into the material, which alters both the distribution of 
temperature and the flow of heat. The error introduced in this 
manner will, however, be inappreciable if the widths of the cavities 
be fairly small compared with t he diameter of ! he Imr, For example, 
a cavity 2 mm. wide cannot produce any sensible effect on the flow of 
heat through a bar from l to 3 centimetres thick, especially when the 
cavities are filled up with a fluid metal. 

In order to secure the same surface emissivity Desprctz coated the 
bars with lamp-black, but this so increased the emissivity that the 
temperature fell very rapidly along tho Imr, and in many cases it 
became very difficult to observe the difference of temperature between 
two thermometers even at a short distance from the heated end. 
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Any want of homogeneity in the burs will also introduce eon* 
side table difficulty find uncertainty into such experiments as these, 
ami perfectly homogeneous bale* free from silt impurities, are perhaps, 
not to be obtained For such reasons, therefore, differs Eicon are to 
be ospec:ted between the results obtained by different observer* from 
experiments made on different sjjeciniena of the sumo substance, and 
discrepancies of a more or less serious aspect am not aurprising. In 
ordinary laboratory exj>criment* it is better to Die short hare, and 
for accurate determination* bars artificially cooled at the end, 

299. Experiments of Wiedemann and Frans , —] u order to ex¬ 
amine the accuracy of the results obtained by DospruU a new scries 
of experiments was undertaken by Wiedenmnn and Frank 1 The 
principle of the method ail opted was the same as that of Dcsprctz, 
but the apjttratus employed differed in some important rcHjKicts. The 
burs employed were about half a metre long and 6 nmn in diameter, and 
in order totimarc the same surface embemty they were electroplated. 

The l«*r u iuler examination w m fixed horizontally in the centre 
of a glass vessel (Fig. 103} which was air-tight, and could be exhausted 





so that experiments could be made in a vacuum as well as in air. This 
vessel was immersed in a water-bath, the temperature of which could 
be determined hem! kept constant. The end of the bar wm heated by 
a current of steam, and its temperature was thus kept approximately 
at 100 C, The temperatures at various punts along the bar were 
determined by means of a thermopile, the leading wires of which 
passed through a glass tube which could be protruded into the interior 
of the inner vessel at will, so that ihc pile could slide along the bar 
and register the temperature at its various points. The pile was 
graduated bv direct experiments made by heating, within the apparatus 
itself, a hollow tube of abe&l filled with mercury ami containing a 
s WicdiHnaim ami Franz* Ami. dr Z c tom. xli. j*. 107, l£i*4. 
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thermometer. 1 The results of these experiments are contained in the 
following table: — 

R E I-ATI VE COKIUJCTIVLTI VX 




In Air. 

lb ViflLOCrt. 

Sibct 


m 

100 

Copper . 

Gt> id* * . 

. a 

7S^ 

7r$ 

. * 1 

&31£ 

54 e 

B TOM 

* 1 

(2&-J 

\a*-i 

124'0 

Tin * 

+ 

14-5 

15-4 

Iron * 

* * 1 

11 *9 

10-1 

Steel 

+ * 

IIS 

10-a 

Lerid 

* * 

8’5 

70 

Platinum r 

■ a 

S& 

7"S 

Kasti , i alloy 

« .' ' 

2-a 

2*3 

BUm kith , 

. I 

I'S 



300. On the Experimental Determination of Absolute Con 
ductlvlties. —The definition of conductivity stated in Art. 295 sug¬ 
gests at qiicc a method of estimating it in absolute measure, for if the 
two faces of a plate of known thickness and urea be maintained at 
fixed temperatures* and if the difference of these be accurate 1 7 known, 
sis well as the quantity of heat w hich flow s through the plate per second, 
then all the quantities necessary for the wtimatipo of K will be known. 
Thus, if steam be blown against one face of the plate, and if mdting 
ice or water be placed in contact with the other, the flow of heat may 
be ascertained by the amount of steam condensed oil one side, or by 
the amount of ice melted on the other, or by tbo change of temperature 
of the water. 

A great difficulty attending this method arises, however, in the 
determination of the exact tempera tores of the faces of the plate, for 
the hot face ia certainly colder than the vapour, and the cold face is 
undoubtedly warmer than the water or ice in contact with it. The 
difference of tcmjiernturo between the faces of the plate w ill therefore 
be much less than the difference of temperature between the steam on 
one side and the water on the oilier* lo proceed on the supposition 
that the hot face is at the temperature of the steam, or very approxj- 


1 Laager- [ Pt « j < j . Jm,, li. Usds. p. i K Sept !*&&} miroduceij tha n^thwl of 
th^mw-elsctrk tuples itntwd r>f ih*- tbenneraatepi used by Despnjti, fb*junction 
Wfl-s applied ngtiLTiflL (be b*r + Wi^teriibnii *fid Frat,* employed the method hat 

******* miny i™uon, »■ glutei by L*ngb*rg. The principal objection to llnif- 
wort ii iho a^lcot of motjt.it the *mn* ola« nrHB of with th* nunlc 

in *11 irnd in H .nplaymtf « ttr* install of 3^ta the orrora do* E * ajr-cornmt* jtod 

"*^™**l <™« wwa *™ tl J The nihility □ -f * definite diftolKM of 

Umpantan telwwa the box itad the junction it t Bericus objrttW rmked by Wet 
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isiutuly ao t and that the cold face is also very nearly at the temperature 
of tile melting lea or water, is to outline conditions which are very far 
from [he truth. This bvthown clearly by the result* obtained in this 
manner by Clement and Fiklot. 1 The number obtained by the font jet 
for the conductivity of copper being about 300 times too small, and 
that of the hitter 6 times too small.-’ This means thstt r if the other 
quantities be supposed to have been correctly observed, the difference 
of temperature between the faces of the plate wars with the former 
200 times and! with the latter 6 times less than was supposed 

The change of temperature in parsing through a thin him of w ater 
id contact with the plate mny\ in such an experiment, Ihj much greater 
than the whole difference between the faces of the plate, so that 
although the face of the plate is essentially at the same temperature 
as the surface of the adjacent him, yet it may differ largely from 
the temperature registered by any ordinary thermometer placed close 
to it t nor does it seem likely that the difficulty could be quite got rid 
of by taking the temperature of the face by means of thermoelectric 
junctions. Fee let seems to have been alive to this source of error in 
Clement's experiments, for he vastly improved his mpparaiuo by placing 
a ftpedul etirrar in the water *o that fresh layers wens constantly 
brought into contact with the face of the metal pkto; but ■ von ihi* 
only partially removed the error, for the surface film adheres to the 
plate, and no proccs* of stirring would remove it wdlh sufficient 
rapidity to keep the face of the pitta at anything like the mean 
temperature of the liquid. 

The only hopeful method then U to take temperatures in the 
metal itself ami not outside it. Thus, if the plane race* of the plate 
bo supposed vortical> then small vertical holes should be drilled in tile 
plate, one near each face, and the temperatures of the metal at these 
points may be taken either by small thermometers placed in the holes 
or by some thermo-electric method. By this means the temperatures 
oi the tw o faces of a layer of known thickness of the plate are known, 
in id all the quantities required for the determination of K may be 
Obtained with tolerable accuracy. This amounts practically to what 
we shall describe as the guard-ring method. 

Another method w r ss devised by forbes in 1S50, and although it 
is very simple in principle, yet it is exceedingly tedious and laborious 
in practice. The object of the method is to determine K by estimating 
the quantity of beat that flows through any section of a bur, heated at 
one end, aa in the experiments of Deapretz. When the stationary 

' Ptalftf, Ann. (fa t'AirwH! tl d* PkyriqU?, ft 0 sir., tom. i L p TOT, WU 
* Stw Art. M Heat," Enty* JSrii. ! Loft! Kd™). 
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stage as Attained, the whale heat that trome* any section of the bar is 
radiated from the surface between the section and the cool end of the bar. 
If, therefore, the tempera trues bo known a^all point* along the bnr B 
and if the emissivity of the surface Iks also determined for all tempera¬ 
tures by separate observations on a similar bar, or on part of the 
same bar, then the whole quantity of heat radiated per second by the 
surface between any cross-section and the cold end can be calculated* 
This with the temperature gradient at the section in question gives 
the conductivity. The temperature gradient is found from the tem¬ 
perature curve, being the trigonometrical tangent of the angle which 
the tangent line at the corresponding point of the curve makes with 
the nxi* of sc. Hence when the temperature curve is plotted, we can 
find the tempera!ure gradient at any point of the bar, 

A third method has also been devised and employed with success. 
This method was introduced by Angstrom and depends on the observa¬ 
tion of the periodic flow of heat in a bar alternately heated and cooled 
at one end or at some point of its length. We shall consider this 
method fully later on * at present we shall describe the exjjeriiiiGuts 
of Forbes, as they wore the first to yield trustworthy results. 

301. Forbes s Method,—As already mentioned, the experimental 
method of Forbes 1 consists essentially of two distinct observation*— 
one, I he determination of the temperature curve, and thence the 
estimation of the temperature gradient at all points along a I jar heated 
steadily at one end, and the other the determination of the rate of 
cooling of a similar bar uniformly heated, and then left to cool in the 
open air under the same conditions as the first bar. The first was 
termed l)3 r Forbes the and the second the dymmirul^ or tooling* 

experiment. In the former the observations sire made on u bar when 
the steady shite has been acquired, and it is steady temperatures chat 
are taken, whereas in the latter the observations are made on the rate 
of cooling of a bar* and the temperatures registered are those of a 
cooling body. The two bars nifty therefore be referred to, for brevity, 
as the Matted and d^namkaf liars respectively, 

Tht Statical Experimriti,— In this experiment a bar of wrought iron 
8 feet long and l J inch square section was used. One end was heated 
by being lixed into a rastdron crucible, which wa* finely adjlisted to it* 
and contained molten lead or solder. Thi* was kept in the fluid slate 
and at as uniform a temperature a* possible by means of a powerful 

1 Forbes, Jhiuc* D., PhiL Tm «*. ifiry. Edinburgh, re]. xxM p 133 
April lftil. Tli* aaprimuti <WriM id this ^pn- wen nmd= tea ye** 
to i* I ublfaatta»ftiid a brief sccoant of them w** to the British 

A^oninif»P at Ik-lfaM in 1352, 
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gni furnace, By adjusting the gas-flame, nod by pacing pieces of the 
solid metal in the fluid, I lie tcmpefiiiurE of thu lifted end could be 
regulated w ith considerable exactness, and kepi* constantly at the melt¬ 
ing point of lead or solder. 1 hi^ however, wju$ a very laborious pro- 
ceaa > n~s the experiment lasted from to eight or even ten hoi ire. 
I he iron bar was m long that the temperature of the farther end was 
not sensibly raked during the experiment, and it wag employed in two 
Hiirface conditions—one in which the surface was bright, and the other 
In which it was covered with thin white paper, 1 applied with the least 
possible quantity of paste, so that the conductivity of the same bar 
might be determined when the surface eiuisaivity was greatly changed 
(in the ratio 3 : S, according lo Leslie). 

Ihe temperature curve was determined by means of ten ther¬ 
mometers placed in small holes (0 38 inch diameter) drilled in [he 
!*ar. 3 he holes in the colder part of the bar were filled with mercury, 

while those near the hot end were filled with a fusible metal in & 
semi-fluid at a to, an it was found that when mercury was used iu the 
wanner holes the surface became hotter, by convection, than the 
central [tart of the hole, contrary to the law of distribution of heat in 
a .solid hur T and consequently mti undue (though perh&po hardly sen¬ 
sible) amount of heat was thereby dinsijcited. It wm also ascertained 
by direct experiment that the boring of several additional holes 
between the extreme holes did not sensibly disturb the How of heat 
when the intermediate holes hnd thermometers surrounded by mercury 
inserted in them. 

The temperature curve must tic determined by readings cd all the 
thermometers in the steady state, and this is extremely difficult to 
secure in practice, for the umlaut baa to lie seized when the casual 
fluctuations become inappreciable simultaneously on all the tber- 
mometerg, aiul ah hough the source of heat may appear quite steady 
for a time, yet the temperature wave arising from sonic antecedent 
irregularity may still he travelling along some more remote portion of 
* he W, E xperipa lco, and the patient entry of a number of successive 
observations of all the thermometers^ can aloiio secure the desired 
precision,- . 

1 Tbp jwijter might aLio he uNtxl tc render the burfiwtta of different }*ri* rdifci?,, 
and for this purpose it would no doubt hn mush better ibau a him* vnmi*h H the 
djffaaltiea arising from [he? IIh 1 of which 3nrr been already noticed & aoiiree of 
eopiaidc mbhi trouble to Desprete* 

Out 1 garni ihemiorjietfT might bu Used to late a]l the readings by the titjyniuj 
meiJrfMi, and the linemty u-f having a Lara'! number of uxnimto thenuomeUn may 
he thlla avoid rd. Fnr if a :Wcigh ace Unite 11 11 rm■ ^tn i>(i -t be |Abhn^I, at may b* 1 
jdaecd at Hmt in tla e hotbat holc t alvl [hen in thf? othtrs fiinf^sjvdy, after he Lug 
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Thr Dynamited Er^nmenL — The dynamical or cuoling experiment 
w'iis made on an iron bar in all respects simitar to that employed in the 
statical experiment, except that it yti\& only about 2G inches long. A 
email hole was bored at the centre of one side (Fig, 194) in which u 
thermometer could bo placed with an amalgam round it m in the 
previous experiment. At first a high uniform temperature waa com¬ 
municated to this bar by immersing it in a cylindrical vessel con tail Ling 
a heated fusible metal {4 parts lead + 3 tin + 3 bismuth). The bar 
was first wrapped in several folds of paper to prevent any sudden chill 

of the thud metal on its first immersion, 
find it was completely immersed and with¬ 
drawn a few times, each end being alternately 
lowest, m as to equalise it* temperature 
as much as possible throughout. When 
thoroughly heated at was withdrawn* and 
the paper cover was rapidly cut off. The 
naked bar was then placed horizontally on 
two blunt-edg&d props, so els to cool under the same circumstances as 
the statical bin Mercury, previously heated, was placed in the hole, 
or holes (there ware usually two or three near the centre of the bar), 
and thermometers wore inserted. The temperatures wore then read 
off from minute to minute, and the rale of cooling determined, the 
object of the experiment being to determine the rate at which any 
element of surface of the statical bar lost* heat, ascertained in terms 
of the temperature registered by m thermometer sunk in the bar at 
that point. 1 

C&lc uiofrftif tif ih# Fitts of II&il . — From the results of these two 
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allowed (owl, until it bus veiy ap|i™imat*iy attained the tomptraturea of the 
thermometera Lu tb* other hole* in MLiweerioh. AH the readings ton v 1 m this made 
with one good thermometer. 


ti k,n its* worthy n| note that the fctfin of the tempe-mtur? curve mnv be eauetbly 
in finer wed by convection enmok 

k At trupvatatn approuhing H00 J C, » dtftoulty ww whioh couid not h* 
completely omcunw. When a bur W been J.^ted uniformly the diatributkto of 
be^E over any Crete-lion k not the Mtne a* when the bur in the tUttal rxperi- 
mont Hah atEJUQcd the jMrmaoeqt lUte, uor h It the M . ue a* when the bar under 
OXporlmsnt h» cooled to * certain flXteut* In fkcrtp it haa Iron ahown by Fourier 
tint in the early ftagea of cooling of a body which ha* ^ uniformly hariwh the 
eX^Hioa for the ttmjwrUarc at any 3mri.Lt iuoluda certain 0 i«nUt fnnelio^ 
which, in the O^e of w™d w.wluctop., rapidly hnamt or an went. rail Ut Lobs 

ofUmpcratn^ affect the rate of cooling, end are perceptible in the higher .uirt of 
Eh, ■** F LlH-.r^meralt.ndcdcy Wag to make the nfe of cooling of a Ammeter 
.nnk fa the av. f oCthe bar ».l too email, f»r the h. r 1* at hr,t only auperfidalty 

trT T^ I LPH ; 4 W a meatiomd by 

horbea u the gtcatc.it difficulty nwt with in the inquiry. 
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experiments the How of heat across imy section of the statical bar 
may be evaluated in the steady stale. The temperature curve being 
plotted* Undents were drawn at its various points, and the ordinates 
MP (Fig. 193) aid mibtangentB MN measured* The ratio of these 
gave the value of Jfr/dk, the seinperature gradient at each point along 
the bar. The refill Its derived from the dy nmnical experiment were also 
represented graphically, the temperatures being Liken as ordinates, and 
the corresponding times as the mbirim of a curve. Tangents were 
drawn to this curve, and the corresponding siibtangents measured. 
The ratio of these at any point of the curve gave the rate of cooling 
-d&fdt at the corresponding temjKiruture. These rules having been 
tabulated, another curve was constructed, having the rate* of cooling 
for ordinates, and the corresponding lengths along the statical bar for 
abscissa?. The ordinate of this curve (Fig* 196) being - ikt tit. it follows 




that the element of area between two very close ordinates at a distance 
f£r will be proportional to the quantity of heat radiated by the element 
per second, and hence the area of this curve between the ordinate 
corresponding to thy point ? and infinity (the cold end of the bar) 
represents the total loss of heat from the surface of the bar beyond the 
section ; or, in other words, the How of heat across this section. This 
curve is approximately logarithmic, a lid the urea between any two 
ordinates can be calculated with sufficient exactness,, or it can fie found 
by means of a planimeter. 

If we integrate the equation given in the footnote, p e G08, with 
respect to x 7 from x to «„ wo get 



mid as - - - (Fig. 195), and the integral k given by the area 

of the curve (Fig. 196) from x to , by substituting the computed 
value* of these quantities* we obtain l\ anti hence K. 

The following table contains the result* of the experiments: — 
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Mi ft 

JHfJimifBtR. 


Conductivjty of Wrought Iron (IJ-inch Bar) 


Temperature 

0" 

26“ 

60 H 

7& J 

lOu’ 

125" 

160’ 

175= 

2M U 

Conductivity 
{LtaUnutP*., tinuibn, 

13 ae 

11 "SO 

11-16 

10-69 

D-f-J 

o-;ss 

£-73 

S’lfl 

7^2 

nrriJ (Jf'ptkjiTiHlri 

1 k%"Cw L'laLLM 











The great merit of Forbes's method is that it seeks to determine 
the conductivity directly in terms of Its definition instead of through 
a solution of Fourier 1 "t equation, which is founded on the hypothesis 
of constant conductivity, and on New ion's law of cooling. The ex¬ 
periments have been rented by Professor Tait, 1 with Forbes's iron 
bar, and they were also extended to other metals with the object of 
testing in what manner the thermal conductivity varied with temjierit- 
turo p and to determine if the variations of thermal and electrical 
conductivity followed the lame laws. For this purpose copper and 
lead were chosen, because they ran Im? obtained pure and are not 
excessively expensive. Two specimens of copper were used one 
(Crown) of the highest* and the other (G) of the lowest electrical 
conductivity. An alloy (German silver) was also examined because 
the electrical conductivity of this substance varies little with 
UjmjXinitunj. 

In such an investigation as this a considerable range of temperature 
is Mseotiri! T and at high temperatures the experimental difficulties 
become enormously increased. The end of the bar was kept at a high 
uniform temperature, not by ForWa method of melting solder winch 
require* constant watching, but by a special gas-burner, furnished 
with a regulator devised by Dr. Crum Brown, which supplied the 
gjis to the burner at a constant pressure. In practice the work¬ 
ing of this arrangement was found to be almost perfect. Another 
difficulty arose in the displacement of the aero on the thermo 
meters when exposed to high temperatures* and an uncertainty 
always attends the correction to he applied r on account of the 
[K>rtion of mercury which occupies the stem not being at the same 
tompcruiure as that in the bulb. lit the case of copper s anil oven 
with (fprnLiTi a further difficulty arose at high temperatures in 

the oxidation of the surface. I he coating of oxide promotes radiation, 
and at different temperature the surface becomes oxidised to different 
degrees, so that each set of experiments with the short bar can be 
strictly compared only wiih one part of the long bar. The heating of 
the short liar for the dynamical experiment was effected by placing 
* Tut, Trmt* vtd. xxriii. p. 7lT, l£7'J> 
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it over a row ot gas-jets while it was rotated round its axis, so as to 
, C f 110 uniformly heated on nil sides. Other methods, such n$ a hot 
an bath, were tried and abandoned, and it was found that in heating 
the bar it was more important to avoid oxidation than to mure 
iihamuto hrii fortuity of mnipe rat lire. 

Vk hen the cooling eun™ trere constructs! r they were 

found to be not eveti approximately logarithmic, except for small 
intervals, and even then tho axis was not usually asymptotic to the 
curve, In reckoning the area between the curve and the axis, a 
great difficulty arose in determining how much should be allowed for 
the portion fin theory, infinitely long but of finite area) which ex¬ 
tended beyond the lowest temjierature observed, and the error arising 
from this uncertainty becomes more important the lower the tempura 
turo, This difficulty did not arise, however, in the case of copper, 
for on account of the high conductivity of this substance the further 
end of tiie liar was kept in a large vessel of gutta-percha, through 
which cold water constantly circulated, so that it* temperature was 
below that of the surrounding air, and the temperature gradient 
d6 l^ Wlia tiowhera very small. In all such experiments a small 
temperature gradient and slow flow of heat should lie avoided, and 
for this reason the surface of a good conductor, such as a copper har 
should be smoked, 

[The conductivity of cast iron was determined bv Callender anti 
Nicolson, using Forbes’s method.' To avoid the uncertainties of 
surface loss of heat a large har was used, and the Mir face loss of heat 
was reduced to one quarter by lagging the liar like a steam-pipe to a 



depth of I inch. The apjwiratiis is shown in Fig. I&7, The bar was 
heated by steam at one end mid cooled by a stream of water Bowing 
through a calorimeter at tile other. It was I inches in diameter arid 

* 13, L. Cfl] lend nr „ AWy. jRn>. lllli edition, Art. “CgildttQtlu of Heat, 1 1 
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4 f c et brig beiween h&iiter And calorimeter* The heat transmitted 
w&a measured talerimfitricafly* The temperAttiro gradient near the 
entrance to the calorimeter wae deduced from observation with five 
thermometers placed at suitable intervals along the l*ar, The 
results obtained (for a temperature of 40 € ) varied from O'II5 to 
(HIS in dO S. units from observations on different days* and were 
probably more accurate than those obtained by the cylinder method 
(Art. 303).] 

302. The G uftfd-R In % Method. -It has been alremly pointer! out 
(Art. 300) that the absolute conductivity of a subs Lance may Imj 
determined by what ha* been railed the Will] method—that ia. 
by beeping the two faces of a plate of the substance at two known 
tem|>erattires, and noting the quantity of heat which Hows through a 
known area per second. The great difficulty of determining the 
exact tem];jcratares of the faces of the plate, however, placed this 



method in disrepute, and the determinations of conductivity have 
been chiefly based upon the bar method, either by the method of 
steady How already described, or by the variable or periodic process 
introiluced by Angstrom (Art. 30o). Another difficulty in the 
guard ring method is the measurement of the area of the surface 
through which the heat measured is transmitted 

lf„ however, a very thick plate of the material be employed, the 
temperature may be taken at various points of its interior, and the 
uncertainty of the surface temperature may be avoided. An outline 
of an experiment conducted on this principle is roughly represented 
in Fig* ISA The plate under examination is ABC D* One face, AB, 
forms the end of a chamber filled with steam, and the other face, CD, 
forms the end of another chamber filled with ice. When the steady 
Wow of heat is established, the lines of How of the heat will be straight 
linos, perpendicular to the faces AH and GD T or, at any rate, this wilt 
Ins the cm* around the centre of the plate* Hence, if a known area 
of the central portion ho isolated. And if the temperatures a( any two 
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potf'te the plate be determined bj? inserting thermometers (or 

<o„ p ]ftB), ^ shown m the figure, ami if the quantity of heat which 
Mows through din plated portion bealso determined, the conductivity 

nL? p r k,, r- By vriryi ^ th ° «f ft® r>!=u« »d 

noting the corresponding changes in the tfow of heat, it .onId be 
ascertained if the differences of teiupemturc of the face* AB and CD 

\t “ ft T • T i fte Uentrwl P° rtiDn 9 cylindrical 

chamber M may be tad ngairmt the face AB. The steam, which 

condenses m M. can he drained off ami weighed, anti this will afford 
a a T ,Urfl A ° f quantity of heat which Hows through the isolated 
section. Another measure of the same quantity may be obtained by 
fixing a similar cylinder X against the face CD, which, if Kllcd with 

lCe ’ " l . 11 fl Jt n “ te9Qreof Lht ‘ by tbe quantity of ice melted per 
second. This may be roughly measured by allowing the water to 
drain off from X as the ice melts, and weighing it, Lot a much mom 

accurate plan will be to make N the bulk of a Bunsen's ice calorimeter, 
ami tli tig measure the quantity 

of ice melted by the diminu¬ 
tion of volume. 

This method has been 
applied by It Berget' with 
considerable success to mercury 
and florae other metals. The 
apparatus adopted in the case 
of mercury is shown in Fig. 
i 9& + A cylindrical column of 
mercury AB, contained in ji 
ghififl tube, was surrounded by 
another column of mercury, oj 
show si in the figure, which acted 
as u guard-ring, and prevented 
2o.^of heiit by lateral radiation, 
so that the central column 
could lie regarded m part of an 
infinite wall heated at its two 
faces to two conitaut teuipera- 
turesj jind if the conductivity 

docs not vary with the temperature the distribution of temperature 
along t he column will he linear. The essemial part of the apparatus 
wn, a Bunsens ice calorimeter, into which the column AB protruded 
The mercury guarf-ring rested on n sheet-iron plate, which in tun. SSu 

Alfihottfla Barnet, A{ Phy.*iipir f tmn. vff. p T fi(W 3 
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routed on the ieo surrounding tins bulb of the catofSniOtcr. The 
mercury was heated at the top by etnm, introduced by tilths as shown 
in the figure Through four apertures pierced in the aide of the vessel 
which contained the mercury, thermoelectric junctions 1, 2 T 3, 4 were 
inserted. Thc*e were simply four threads of iron wire, so that each 
pair 0 f them, with the column of mercury between thoir ends, 
formed a thermopile which measured the difference of temperature 
between the etida of the pair. 

The greatest cure was taken in reading the temperatures indicated 
bv those couples, and the results proved that the distribution of 
temperature along the column was linear. The mean value of K for 
mercury was found in this manner to be G‘Q2Glo C.G.S. unit*. In 
ill cases it was found that the times necessary for the establishment 
of the steady flow wore proportional to the squares of the lengths of 
the column, which is a consequence of Fourier s theory. 

The same method was also applied to metals, and the conductivity 
of copper was found to be 1*04050, of iron 01557, and of breaft 
Q463& 

[A method which may be culled the cylinder method was em¬ 
ployed by Galkmlar and Nicolsmi. 1 The cylinders used were 2 feet 
long and 5 inches in diameter, with l-inch axial holes. The central 
hole was heated by steam under pressure, and the total Sow of 
heat was measured by finding the amount of steam condensed m a 
given time. The outside was cooled by water circulating rapidly in 
:l spiral tube. A difficulty in this method arises from the fact that 
the temperature gradient has to bo measured by thermometers or 
thermo-couple* sunk in holes bored parallel to the axis, so that the 
exact thickness of the cylinder wall between two thermo 
meters cannot he measured very accurately, (.'aliendar 
and N ieo bon found G'H>$ for cast iron and 0*11 & for 
mild steel at about 60* C , 

The conductivity of a number of substance* which 
are not very good conductors of heat was measured by 
Lee-v using u method, which may be regarded ns a 
modification of Ehe wall method. The theoretical form 
of the apparatus (not that actually adopted) is repre¬ 
sented in Fig. *200. A and FI are two discs of the material to be 
tested, U, C, and E arc similar discs of a good conductor such as 
copper, the middle disc C being electrically heated. The heat supplied 
IS measured by a wattmeter, and the temperatures of the three 
1 EntW* Mrii rw *«* «f.; ifriL Et pDrf r \$%7- 

fl Phit. Tn\nw. k IS05, p. 3Eifl, 
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metallic disc* manured by thermo electric contacts Some heal is 
ujL at lIig curved surfaces u! the disc*, .ncii3 p to enable this quantity 
to Im> determined directly by experiment, the whole of the boat 
auppliad to the discs must be lost in the same way, w, by eon 
du f™ aml rjidiation through air. To satisfy thU eofiditioti, the 
colletiiori of discs should be placed in an airbath kept a| :i constant 
temperature. The heat lost from ihe curved surfaces of the disc* 
then follows with sufficient closeness the same law hs that lost from 
the flat surfaces of the outer discs, and the relative amounts of the 
* ^ dtitermioed from a knowledge of the areas and tempera- 

Uirm of the various surfaces, if the surfaces have the same euiissivity, 
an equality which is easily secured by varnishing them. 

Once the method of surrounding the discs by an enclosure at 
constant temperature i* adopted, a further sunpBBeation of the 
arrangement of discs is possible. If one of the discs {A) of the 
substance under test and one of the outer dhm dh were removed, 
the relative amounts of heat lost by the heating disc C by conduction 
and radiation directly to the air from itj$ expose d surfaces, and l>v 
conduction through the disc B of material experimented on, partIv to 
the air directly by conduction and radiation from the surface of B, 
and partly by conduction to the outer metallic disc E and by radiation 
from its mi Knees, could still bo calculated, and* the total heat supplied 
being known, the conductivity of the material determined. As it 
reipiircd only one disc of the material, this method was adopted. 

This modified arrangement is shown in Fig, 2GL 8 is the due 
of the substance operated on. M is the outer good-edndiicting disc, 

0 320 cm. thick, C and l ■ are also good-conducting c u a m 
discs, respectively 0 103 and 0312 cm, thick Pisa thin 
flat coil of silk-covered platinoid wire insulated by mica 
and shellac, the total thickness of cos I and mica being 
O liOem. The dark lines indicate the mica insulation. 

Thus the combination C, P, and U correspond to the 
heating disc C of Fig. 200, The discs C, L T ? and M were 
made of copper and all the discs were I ems, iu dkm&ter. 

The various thicknesses of the copper discs were chosen tv, stu, 
so as to make the teniperatiLre-differencee suitable for thermo-electric 
measuremerit. Glycerine was used to secure good thermal contact 
between the discs. Platinoid and copper wires were soldered to oppi> 
site ends of a diameter of each copper disc, and by this means the 
temperature was measured themio-aloctricalty. The set of discs wab 
varnished and placed in a thermostat air-chamber. The observat ions 
w f ere made when a steady state was attained. Corrections w ere nindo 
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fur loss of heat by conductum along the wir^s al&o for conduction along 
the coil wires. For the calculation of the conductivity from the data 
o t the experiment* reference must he made to the original paper* 
Lees found that the conductivity of solids which are not very good 
conductors decreases with me of temperature (in the neighbourhood 
of 40" C.). Glass was found to be an exception to this rule, The 
appended table contains some of the conductivities determined. 
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A aim pic method 1 of measuring ihe conductivities of metals 
consists in heating a abort rorl of the material by an electric current, 
the cuds of the rod being kept at a con & taut temperature by means 
of solid copper blocks provided with a water circulation, the w hole 
being surrounded by a jacket at the same temperature, which is 
taken as the zero of reference, Thu current is m adjusted that the 
external loss of heat from the surface of the rod k compensated by 
the increase of resistance of she rod with rise of temperature. For 
if Rg is the resistance of unit length of the rod fit the temperature of 
reference, and R the resistance at tf degrees above this temperature* 
we may put 

where a k the temperature coefficient of electrical resistance. 
Then the heat garner:nod per second in a length Jar of the rod is 
C 5 ft 0 {! + ei$)tfc^ where C is the current. The excess of heat entering 
the portion ifo by conduction over that leaving it k, by Art. 29fi T 
K k*P& dj - . )/.r t and the heat lost by radiation is Epftfr. The heat 
developed according to the Thomson effect is very small and if 
eliminated by keeping the two ends at the wime temperature, The 
equation for a steady state is therefore 

C%(l + crt?}+ K A'y! - Eptf _ o. 

«rT" 


if C is so choseci that C a R= Ep t the equation reduces to 

KA-“ 

so that 

fl-c r fix + yyP 

where a, ft and y are constants, and 2y = C-I^KA, If we 
1 H L. CftlttfirJur, eiY, 
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measure as from the centre of the rod, fi .. 0* since the tempomture 
gradient is symmetrical about (he centre If 2 1 is the length of the 
rod. & - u ± yj- and 0 a + yP 7 ml >treeling these we get 

The mean value of 0 along I lie roil is 


* 



a&A' 


But if R WI is the mean resistance per unit length, the observed 
resistance is 2Bn,f = 2iR 0 (l + fi0 OT ) therefore 


K C*1b,*a. 

SA(K M hjt 


If the dimension* of the rod a re suitably chosen^ the distribution of 
teni|>emtiire is always very nearly parabolic, so that it ia not neces¬ 
sary to determine the critical current C 2 = Ep/ R^ti 
very accurately, as the correct idh for external 
loss b a small correction in any case, The 
chief difficulty b that of measuring the small 
change of resistance accurately, and of avoiding 
errors from accidental thermo-electric effects 
Using this method, the conductivity of very 
pure copper was foil ml by Dun can lobe I'00 7 
at 33* C. 

303. Lees' Experiments on Metals, 1 — A 

series of experiments was made by Lees to 
determine the conductivity of a number of pure 
metals over a wide range of temperature. The 
previous work of Loren * and espechdly of Jaeger 
and Diesaelhnrst had indicated that there is a 
slight decrease of conductivity with rise of tom* 
perature, and this is confirmed oil the whole 
by Lees’ experiment*, although he did not always 
find that the minimum conductivity occurred at 
the lowest temperatures* The method consuted 
in heating a thin rod at one end by an electric 
current Hawing in a coil fitting on the rod, the heat being measured 
electrical I v and the difference of temperature at two jmints on the 
rod deter mined by a platinum thermometer 

The apparatus in shown in Fig, '202. The rods of metal were in 

* /tfiiY. Trans. k 190S, p. 3S1, 
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tho form of circular cylinders 7 or 8 trills, long and 0 585 cm. in 
diameter. The lower end of the rod fitted into a copper disc D 
which in it a turn fitted accurately into the lower end of a copper 
cylinder T closed at the top. Three thill brans sleeves., A p It, C, fitted 
on the rod and could be easily slid by the fingers. C carried the 
heating coil of silk-covered platinoid wire, A and IS carried similar 
coils of platinum. M t and N are the copper leads of these coils. 
The silk thread .s wound round sleeve, wires, and the wooden disc W 
was for the purpose of obviating stress on the fine wires. The 
copper enclosure was sup|sorted on a wire frame F by means of which 
it could Inc placed in the Dewar vwcl V. Around the outside of the 
copper tube was wound an insulated platinoid wire p of the same 
resistance as the heating coil C p and whenever the current was switched 
off C it was switched on to p t so that the heat supplied to the 
npparatna should be the same throughout an experiment* A further 
coil F was also wound on the tube to allow the temperature to he 
rapidly raised, if necessary. Olive oil in the joints excluded air and 
made good thermal contacts. The distance apart of the three sleeves 
was measured to 0 01 cm. 

When all was in the Dewar vessel, the current was sent round € 
and adjusted to get a suitable difference of resistance of A and B. 
The current wns then switched U> p and, after five or ten minutes, 
the didorence of resistance of A and B and the act Lin E resistance of 
the lower one (A) was measured, The difference of resistance found 
when the heating current flowed round the rod + less the mean difference 
of resistance when the current flowed round the tube (beforo and after) 
gives, so long as the rnto of rise of temperature of the apparatus is 
uniform, the difference of reliance which would be produced if the 
heating current was supplied to the rod and the temperature of the 
lube kept constant. The experiments were started at liquid uir 
temperature and carried up to somewhat above room tempera tun% 
using the supplementary heating coil if necessary. 

Corrections were made for the difference of temperature of rod 
and coils* the effect of the sleeves ami conduction along the various 
leads. The cmissivity was measured in a subsidiary experiment. 
Term* involving the emissivity affected the result only to a small 
extent. The effect of the variable state of tonaparature was very 
small. 
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Leea found the following randtietivities amongst others :] 


Tctnp. . 

nr 

- ICO 11 

150 

325 

- 100’ 

-75 

-50* 

- 25* ‘ 

r| 

ir 

Copper 

1’1 12 

L07W 

1-0M 

-m 

■ors 

-P5S 

041 

-01S2 

024 

■016 

Silver . 

-m 


1W0 

1 1*006 

1^003 

1-004 

■007 

■ '0B7 

'081 

-574 

Kiln? . 

■250 

‘SffB 

■270 

■270 

-271 

■wo 

■sgs; 

'280 

■250 

r 2tta 

-X1 (L3IIJ BLi'llELI . 

■521 

■614 

■505 

401 

'452 

■ : 

'400 1 

-450 

■502 

r 504 

UqjI + 


-002 

■001 

>065 

-m 

■035 

“OSu 

'054 

■m 

■m 

Iron r 

■151 

152 

•ml 

*151 

152 

150 

UH 

■147 

■117 

■1-17 

Sloe! . 

-113 

■us 

ns 

-m 

■lit; 

*116 

-lis 

m 

■ue 

*116 


304. Thermal and Electric Conductivities- ViriatSon of Thermai 
Conductivity with Temperature.—It was first remarked by Forbes 
that the order of the thermal and electric conductivities nf metals 
was the seame—that is, that those metals which have l he lowest electric 
resistance also conduct heat best. The analogy wm pushed further 
by Wiedemann and Franz, who, from their experiment* (Art. 299), 
concluded that not only wore the thermal and electric conduct!vitieo 
in the same older, but that they were sensibly hi the same proportion, 
bq that the ratio of the thermal to the electric conductivity is the 
same for all metal*. The truth of this conclusion hm been the 
.subject of many subsequent investigations. sotne of which appear to 
disprove the law, [The more recent experiments of Lees and also 
those of danger mid Diesel h&rst show that Et is approximately true 
for pure metals, Lorenz also, on theoretical ground*, put forward 
the law that the ratio of the thermal to the electric conductivity is 
proportional to the absolute temperature. This law is well confirmed* 
for some pure ntotala at any rate, by the experiment* referred to, but 
not so well for alloys J In 1900 Prude J propounded the following 
theory of electrical and heat conduction in metals. The [torilive 
electricity in a metallic atom ia to be regarded as fixed in the atom 
of matter, but every melal coin ai ns a huge number of free electron a, 
which are conceived, to partake of the heat-motion of the atom*. 
According to the taw of upiipartitiou of energy, the mean kinetic 
energy is the same for an atom of matter and a free electron. Owing 
to the relatively very amid I ihewss of the electron, we may treat the 
atoms as if they were it rest, the electrons moving with very high 
velocities and rebounding from the atoms like elastic spheres. An 
electric force will tend to produce a flow of electrons in a direction 
opposite to the force, that is, an electric current. A temperature 

1 For a tahk of tlfaa rx|keriiiiemA] valq*^ of K f(r& whm ? h die dwtrinl «sn- 
ductility, e mi Lew, /■>.’, cif. 

3 Jan. d* H\ !■> 1500 , p- 5 S& 










630 


THEORY OF HfeAT 


i'll AT, vtr 


gradient in the metal will tend to produce a flow of heabenotgy just 
ns in ii gas, according to the kinetic theory of heat conduction in a 
gae_ The rate of transmission of electricity or heat is controlled by 
the collisions of the electrons with the atom*. Applying the methods 
of the kinetic theory* Dr tide arrived at the formula * 1 * 3 


K 

ff 



which agrees well with experimental result a. Drude did uot T how¬ 
ever* allow for the effect of Maxwell's law of distribution of velocities, 
and Lore n tz* showed, 1*y a more rigorous deduction from the bin die 
theory, that the formula should be 



which does not agree well with experiment, though it i^ of the right, 
order of dimensions. The weak point in the argument is in the nee 
of the law of equi partition of energy, which is discredited by the 
quantum theory (Art 264} h though it may wifely be applied in the 
case of a mixture of gases, where the velocities are not so high. 5 ] 

3Q&. Flow of Heat in a Bar before the Steady State Is acquired. 
— In the case of a bar heated at one end before the permanent state 
of steady How is reached, a preliminary atavge is juiced through, in 
-which the temperature of each element of the bar gradually rises. 
During this stage the difference between tin- quantities of heat which 
How in at one face and out at the other face of a short length ajf of 
the 1 }M r is not nil radiated from the surface of the element; but if the 
mean temperature of she element rises by an amount tW in a time dt 
a quantity of heat 


id spent per second in raising the temperature of the bar, where c is 
the thermal capacity per unit volume—that is, the specific heat multi- * 
plied by the density of the substance. The equation of propagation 
therefore becomes 

If the bar l>e surrounded by a guard’ring, or be coated with a non¬ 
conducting material* we may write E 0, and the equation becomes 

___ td^~dt w 

1 **■ * a dwriflttriod wnductivity, R u in the dniverndgas wmUht i>e Art, 3741, 
f U the charge uf an elect™, nwi 1 i- JgU II 1 ’ 1 b ftjui vilest 

* H. A r Luri-ntx, Tfavry $f JClcdr<mM t XoU 29, 

3 Se* Jem& r Ifynvmlcni Theory Ome* r jh V 27 * 




AliT- SOS 


ON THE CON DUCT IV IT V OF SOLIDS 


m 


or * 

where k is written for & and has been termed the ilijfunirity of the 
material by Lord Kelvin. The ramc quantity has also been namef] 
the therm&mdrir cmiudivUfof the substance by Clerk Maxwell, since 
it measures the change of temperature which would be produced in a 
unit volume of the substance by the quantity of heat which lions in 
unit time through unit area of a layer of unit thickness having unit 
difference of temperature between it* faces. 

It it.this quantity that chiefly determines the effect of the heat 
conducted across any part of a body in heckling the substance on one 
side* or cooling it on the other, and when this effect is to be reckoned 
it is convenient to measure the thermal conductivity in tonus of this 
special unit* rather than of the ordinary water gramme unit of heat. 

It may be remarked that (he diflYtdvhy i L is of the dimensions I- t f 
a nd is conseque n ily to he rec k on ed i n un its of area pe r ti n i t ti me, I n the 
C,G.S. system it is therefore expressed in square centimetres per second, 

CoKr— In the case of an infinite wall heated uniformly over one 
face, or a bar heated at one end and furnished with a guard-ring, when 
the flow of heat becomes steady, the foregoing equation reduces to 

that i% the temperature curve is a right line, Ef a and h are constaum. 

306. Periodic Flow of Heat through a long Bar. If a long bar lie 
periodically heated and cooled at one end * 11 thermometer sunk in it at 
any point will exhibit corresponding variations of temperature When 
the end of I he bur is heated u temperature wave travels along ii, and 
the indication of the thermometer gradually rises. In the same way* 
when the end of [he bar is cooled, the temperature registered by the 
thermometer will gradually fall, ho that if the temperature of the end 
of the bar be varied periodically, the temperature at every point of 
the bar will also vary in a corresponding [periodic manner, and when 
the periodic variation of temperature has been maintained for a 
sufficient, time, the oscillations of temperature at any jjoint of the bar 
will attain a fixed character, m that the mean temperature at each 
point remains steady. 

If the periodic variation of temperature be a simple harmonic 
variation, then the variations of temperature at any point of the bar 
may bo represented by a sine curve, 0 = a sin («f + 0), where tf is the 
temperature, measured from the meat], and t the time. If, however, 
we consider the fluctuations of temperature at the various [mints of 
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rhe bar, me find that the amplitude of the temperature variations 

rU any point will diminish as 
the distance from the hot end 
increases, and at a certain dis¬ 
tance along the bay rhe varia¬ 
tions of temperature will be 
insensible, and the temperature 
of the bar will remain con¬ 
stantly equal to that of the 
&urroundi ng modi nm (F ig, 203). 
The mean temperature at at! 
points will not* however, be 
the same, but will diminish 
as we recede from the heated end, the curve of mean temperature 
being logarithmic, and similar to the temperature curves obtained 
by Despots and Forties, The fluctuations of temperature at each 
point ^tll be periodic, but the variation of temperature near the 
heated end will be much greater than at some distance along the 
bar,, the teni|>e rati ire waves gradually dying out as they proceed 
along the W r These con clarions will appear dearly in the follow, 
iug analysis: 

TjCt itn take the case of a luir surrounded by a non-conducting 
Jacket* and let a simple harmonic variation of temperature be applied 
to one end In this case the temperature at any point is determined 
by the equation 

and a simple harmonic solution of thi§ ts 

e=rtf -** sia (w< +£*4^) 

if the MBWUnts w, «, fi l>e property chosen, Differentiating (2) uird 
substituting directly in (1) #c find at once that in order that (1) may 
be antMed by (2) wo must have the relations 


(« 


<« 


a*-jp t »qda^flfc=- w 


m 


Now it is dear that if we confine our attention to a definite'point of 
rht: bar, so that / remains the mime while i and $ vary, ihon 0 will 
vary periodically, being the same whoa / increases by auy multiple of 
-*i u ' lf«n te - if Ue end of the bar he heated and cooled in n airaide 

t...- j. manner, the complete period of a heating and cooling being 

e 


barman ie 
T p we hav 


2w 

V — “Tjlj't 
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and consequently u measures the frequency of Use alternations of 
temperature. 

Let ilk now examine the time at wbkh a thermometer placed in 
the bur sit a distance frruii the origin will reach \u highest or toweat 
temperature. This will happen when ein(W + fir ■ y) attains its 
greatest or least value—th:it is s when it is ^ I ; or, in other words, 
the temperature Will be a maximum at the point at the lime ^ 
given by the equation 

*rf,+pTi + r={2^ + 

and the maximum temperature at a point will he reached at a lime 
C given by the equation 

wi*+f 7 - (Sjs -§- \) v. 

[he minima temperatures at the same points being reached when the 
value? are (2a - A}m Hence by subtraction we obtain 

ii=*> 

or 

Xow, if the points x^ and * a l*c so chosen that the maxima or minima 
of temperature occur at them simultaneously, we shall have L - f |+ 
equal to the periodic time T> and the difference of distance - x y will 
bo the length of the temperature wave A* ho that the last equation 
becomes 

-x iJ T "p‘ 

Hence, in our original equation (2) for H the quantities ^ and ft are 
determined by the equation 



Bui ihe second equation of condition (3) gives 



consequently, by duhsti luting for « t ft t arid w, wo have the relation 



(S) 


and when A and T arc known, wo are furnished with the value 

of L 

This expression for k may also be written in the form 

4irfr== v*. 


where v » the velocity of temperature wave propagation (AT) along 
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the h\iv r so that k is jointly proportional to the wave-length and the 
velocity of propagation. 

The equation (2) for & may now be written in the form 

fly. 


Thun ihc amplitude of the temperature variation at any point z i* 

in 

proportional to * * so that the amplitudes go on decreasing as we 
recede from the heated end of the bar, and the mean temperature 
at any point diminishes in the same way. 

In order to determine the ddfitaivity by this method, it is conse¬ 
quently only necessary to measure the wave-length X corresponding 
to simple harmonic variation of temjKrrature of known period T t and 
the conductivity may then he calculated in absolute measure when the 
thermal capacity of the aulrttance per unit volume is determined. 

If, however, the bar be not furnished with a guard-ring, but if 
radiation takes place from its surface, m in the experiments of Desprets 
and Forbes, the equation of propagation h 

. V <P* t dS _ . 

Ak^=Ae^ +Ef>#, 


or 


t iP$_dQ 

if 




where - Ep Az„ 

A solution of thi-t, which expanses simple harmonic variations of 
temperature in a long bar heated and cooled at one end p h again 


<0 a a* sEa |u£ + ffcr + y) * 

but in this case the relations connecting the constants site found by 
substitution to he 


^ - = and 2a£ = 

from which it follows that 


ff= 

iis before <« = *r/T, while a is the rate of diminution of the Napierian 
logarithm of the temperature range, and f} is the rate of retardation 
of phase reckoned in radians per unit length of the bar. 

If the variation of temperature bo not a simple harmonic variation 
it may bo expressed u a sum of such variations if it be periodic, and 
the more general solution of the equation— 
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k & w, «i+ (a ' 

which applies to any regularly periodic variation of temperature, will 
be 

Q=n 6 £- a * ,: 4n (ut+0|£ + 7|) (2at + £** Hj+elc., 

if the constants be properly choasnd Differentiating and ftiibstitatuig 
this value of 6 in the equation, we find that in order that it may be 
satisfied wo must have 

-nm. 

Prom which we derive 


1 

r 


4 


XL 


¥ 


Fiii. 2W. 


v^ft^+fiV} 1 m) 

•in = \ ' Jj. j !>“ + J 
where as before w ■=■ 2- T. 

307, Angstrom's Experiments. —The first experimental deter¬ 
mination of conductivities by the periodic method was made by the 
Swedish philosopher Angstrom,* Long bars were employed, mid the 
periodic heating and cooling 
was effected by enclosing a 
H.hort portion of the middle 
of the (sir in a vessel CD, as 
shown iii Fig. 20 4 n through 
which could be alternately passed a current of steam and a current of 
cold water.* When this heating and cooling had been cun tinned for 
aerate time, the temperature at each point of the bar became steadily 
periodic, and the mean value of the temperature at msy point became 
constant. Rigorously speaking, him ever, in infinite time U required 
to roach ibis stage. The bars were perforated at intervals of 50 mm. 
l»v cavities *2"25 mm.. in diameter, which contained the bulbs of I hermo- 
meters provided with arbitrary scales. 

In making an ea|N>riment the heating was applied for twelve 
inti lutes and the cooling for the same 111131% tint the periodic time 
T was twenty-four minute*. The tempartture at a given point of the 
bar was observed for each minute during one or more of ihcse periods; 

[I This in ttiLi ws repnsented in PSg. 5W. the dotlfd Lin* 3*in K gfivtn by 

3 lngarrulii f /'«iL Mwj. vol. XXV. p. ISO, 1863 ; awl val X*vi p. SSI ; Ann, 
0. skit, p, 513 ,1861 ? KnAAnn*& Chim&c ei df 3* i4r., tom. Lxril y r 370. 

5 This was ufrptftl With the rcpjwf W t hut tbs iroia bar WAl ewolwl limply by 
ndati&i]. 
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and since at a given point the only variable in the general expression 
for & h the time, the equation for 0 may he written in the form 

£=A*+ *in ( *4+« i HA s riii(2W+^HA 3 sis(^ + A.)+ctt., 

in which, from the observations of & 3 comeponding to various values 
of t t i he constants A*. A u etc., ^ ^ etc,, can he calculated, In 
practice Lite aeries may be limited to tl«o first three or four terms, ns 
the coefficients A |r etc. t decrease rapidly. Let m now suppose 

that similar observations are carried out at another point of the bar, 
ami that the temperature at this point is given at the lime t by the 
aeries 

& = A r a l A\ Mil i V + A'i) + A'j du {uf + A^]« + ctfi. 


[f the first series corresponds to a point x and the second to a point 
/ T we have, using the notation of the foregoing article, 

utd A'l-^r 1 ^, 


with similar expressions for the other coefficients, so that if the dis¬ 
tance x* -x between the two points be denoted by /, we have 


"Ml* a'. - *.=M 

therefore 

tt^SqjCAJAMh 

and consequently 

■AP-Pi J|)log(AiMj’b 


But we have already'found that 

’■A^Sb^Sf 

and hence 


Ill the same manner, if wc hml employed the terms involving A h and 
A',,, we should have had 


Therefore 


continently 

But 


A„atnj A r ,-a*#-“~ c '. 


■mU’,-!.-**, 

th&j* -(S', - A,} log ( A JA J B ) + 




therefore 
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Thus ouch pair of terns loads ty an independent determination of the 
quantity i t but the value obtained from the first pair is mosi reliable. 
The accuracy of the obtained value of £ may also con trolled by 
altering the period uf heating ami cooling- 1 

Angstrom's first experiments were made with square bars 570 mm. 
long and 2^75 mm, side, and the values found for the conductivity rjf 
copper and iron at the mean temperature of 50 C, were— 

For + . - - * K=W^2 

For iron + * - - « K- 9 "77 

the units employed being the centimetre, gramme* mid minute, 

A subsequent aeries of exjjerimenu - on bare II T# mm. long and 
35 mm. thick* furnished with thermometers at interval* of 200 rum, p 
and in which the heating apparatus was so modified that different 
mean temperatures could he obtainud, gave in ihc same units— 

t’of copper i . + K —58*01 (1 ~ O'OQIfillW) 

For iron .... K=»*9|<1 0W>l<(?) 

This method when applied with proper promt!lions is undoubtedly 
capable of furniahuig good results. In practice, however, the use of 
ordinary mercury thermometers is not advisable in the determination 
of rapidly varying temperature^ as they arc atw»y* tardy in their 
indications anti 1 table to work by sudden starts. For the measure¬ 
ment of temperatures in all such eases the employment of thermo¬ 
electric coupler would be much superior* 

[The method of variable temperature was used also by Callender, 
employing the apparatus of Fig. 1SJ7, The steam pressure in the 
heater was varied by gauge in such a manner as to produce an 
approximately simple harmonic t>sc£l]atioii of lempeiatui’c, the cool 
end being kept at a steady temperature. The amplitudes, ami phases 
of the temperature waves were observed by raking readings of the 
thermometers at regular intervals. Periods of 60, B0, and 180 minutes 

t The value of i - nay also ho deduced, without mrtsgjS, when = is known for two 
diffcMJlt |«Timis. Tot the lintsml eAJ.Pflsaitra for a is 

ili-a 5 = ta 1 + + fh 

4i-V - - P» 5 ^ = - 

SimiUtly for (i diffcm&t pedsd v we Sshv* 

u 

TSwrefort?, «lunin»tlng ^ irtoWai* 

n /d^ !5 "- kV 
^-Sao' V a a ■ 

s Aug,moo, rhil, J tug. v(L ist'i, t>v llil, lSflSt. 
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ware severally employed, and distances of fi and 12 inches between 
the thermometers. In some experiments the bur wits lagged, in others 
tare. The bout loss never exceeded 7 per cent with the bar bare. 
The variation of * was determined by a special series of experiments 
Cullcndar obtained 0 1113 and 01144 for east iron at \Q m 2 : C. and 

54° G. respectively P ] 

S08 + Conductivity of the Earth's Crust—Underground Tempera¬ 
tures,— 1 The method of determining conductivities by periodic heating 
and cooling maybe applied directly to the estimation of the conductivity 
of the earth's crust at any place. For by day the surface of the earth 
is heated and 1 by night it is cooled p so that a series of heat waves are 
propagated into the interior* and if the length of the wave and the 
periodic time are known we have tho data required for the calculation 
of t There i& also a general aggregate heating of the surface during 
the summer with a corresponding cooling during the winter, so that in 
addition to the diurnal waves* which are lost at a depth of Z or 4 feet, 
there is an annual wave which may be traced to a much greater 
depth, but at a depth of 50 feet or more the temperature at each 
point remains sensibly constant throughout the year. 

If, however, the mean temperatures at different depths be com¬ 
pared, they arc found lo increase as we descend to the greatest depths 
yet penetrated. The amount of this increase varies much with the 
locality and the nature of the strata in which the observations are made, 
being largely affected by water-percolation and other circumstances, so 
that in some places it is as much as V F. fur 30 or 40 feet r whereas 
in others an increase of J F, corresponds to a descent of 120 or 130 
feet. Roughly spooking, however, the rate at which this Increase takes 
place in this country is about 1 F. for every GO feet of descent. This 
gradual increase of temperature as we defend proves that there must 
be a flow of heat from ihe interior through the surface and the amount 
uf heat which escapes from the earth per annum in this manner may 
be estimated when the conductivity of the crust fa known. Having 
calculated the present rale of loss, we can calculate backwards what 
the temperailire of the earth mn»t have been in time past, and in 
this manner Lord Kelvin 1 bus shown that it cannot be more than 
200,000,000 years since the earth was a molten mass, on which a solid 
emit was just beginning to form. 


[Tki< , M od* of iba ag * af the mil, b, inrslid.M by tte .lim^vy 

'hil tb. tamjxota* grsdii'ijl in th. imrth 1 . emu <:« b* «» Un t*4 for, wholiv r* 
tu ,*n. fayth* wfattoae^ffdinm in tk* igU90ni mkfi . LanJ Kalm mention^ 
til. iwnhJItjf Cf cbmHc-d Miwp Of so, m , bind, but diimbusd it «. «t™ncly 


I Sir WillUm Tiioniuu, Trw. Boy. SK" mu,., SJtlii>( mii 
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imjiTot'iWi!, ilxagb not iiujKjiuililv. He tirniiilcml the ct't ■•! *u Infinite wl'8 
toniiiM tre B plane (for th« purposes of tliis eelculetloD, the error in treating the 
earth - * AUffece as plane in iDMiufblo}, the whole solid bein« at a uniform high 
temperature to begin with, the surface being then brought to a lower temperature 
(wfcjeh nc guv take as the eeruof reformer) atwl k ept constant at til at temperature. 
The appropriate solution of equation (1) of Art- 30$ i* 



where is ibe original tttapetnttm. For, wfun f - 0, the op|»r limit of integral ion 
Is infinite, and $=#<, for all values of*. When * = 0, J = 0 for all values of i. The 
•afnnsalon for 0 f* swlt by differentiation to be a mltttinn of the equation.] 

If the crust lit any place lie supposed homogeneous, and if the 
periodic variations of temperature be regarded as uniform, then the 
problem of the propagation of heat-waves through ii is the same as 
that of titi infinite wall periodically heated and cooled over one face, 
or the as that of a bur periodically heated at one end and coated 
with a non-conducting mute rial or a guard-ring. If, therefore, a 
number of thermometers be buried with their bulbs at different depths 
below the surface, the inward progress of the annual wave may be 
determined and the wave-length estimated. In the ease of a simple 
harmonic variation of temperature we have (p, 633) 

4fT 

which, with the thermal capacity per unit volume of the material, 
determines the absolute conductivity K. 

The diurnal waves Iwcome insensible at so small a depth that in 
most localities the inequalities of the soil and drainage prevent any 
satisfactory observations on their inward propagation being carried out, 
xU depths exceeding 3 feet the daily variations become insensible, 
and the changes observed are due to daily averages {varying from 
dav to day) which constitute the annual wave. If the annual variation 
were truly periodic, a complex harmonic function could be determined 
which would represent for all time the temperature at depths below 
3 feet. But the annual variation is by no means perfectly periodic, 
since there are differences in the annual average temperatures and 
continual irregularities in the progress of the variation within eaeli 
vear. Sources of such disturbances are the unequal percolation of 
water and irregularities on the surface and within the crust. 

If however, the temperature be supposed |*riodic and be ex¬ 
pressed as a complex harmonic function, and if the constants of the 
series be determined by observations on a thermometer buried at a 
certain depth, and if the constant* of another aerie* representing the 
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varying LfiUfjorAture at another depth We iltitcrmincd in the same way 
by observations on another thermomctqr } then the comparison of each 
term of otic scries with the correfiponding term of Lhe othor furnishes 
a determination of tho conductivity, and all the values derived in this 
manner should agree perfectly it the data are accurate and if the 
assumed conditions arc fulfilled — that is, if the isothermal surfaces are 
iwrnlkl planes, and if c and i arc constant throughout lhe material 

These conditions, however, nre not strictly fulfilled, and the first 
thing to be tested is how far tha different detenu illations agree, and 
to learn accordingly how far the theory may be applied. 1 

This difficult and laborious test has been applied by Lord Kelvin 
io the observations of Professor Forbes- on thermometers buried 
at different depths and in different soils near Edinburgh, and the 
analysis has proved that serious discrepancies from the theoretic 
formula existed, but these appeared to be attributable rather to 
irregularities in the form and constitution of the surface than to varia¬ 
tions in the conductivity and specific heat of the material. Probably 
also thermometric errors considerably influenced the result*, since 
there was necessarily some uncertainty in the corrections which must be 
applied to the stem in order to estimate the temperature of the bulb. 

The following table contains the lined result*, the unit of length 
being one foot: 


ButpEftBOTx 


Ulffamivijt}'. 




1^1-AU.lt. 


ftt Sik-<Jlt(L 

P-f r Abu. 

Pcp^lHt. 

l l ei &km7pJ. 

Trap roefc of Cal tan 
Hill .... 

WVJ 

0-7310 

’OOO0OS401 

3.41*1 

0 -&m 

-00000-1471 

Hind of Eajncii- 
mciitAl Darden . 

■295'0 

0-&T0O 

-cmmxii 

sm-9- 

piS& 

■OC0002STS 

S^Ejdfltcme af Craig- 
laitb Quarry . . 

7WS 

2*1473 

*0O0&Z4Sfl 

m-r 

0*9020 

'00001140 


5 Thin malbod (Sir VTj Ilium ThonDMi H Tran*. Jio?. Sue, r Edlm, ydL ssii. p. 1&S) 
dillyrs from tbit followed by Fnrbrn in jmkitftutmg the omaMeraticm at the 
Itrro-H at a comply harmonic function for the exnniliiAli-ea of Hie who)* 
variation uiiifuilv^'lt which he corn forte-d ranJiuj; to tlir |'1*n laid dawn by 
pLiisraktr Thin plici ctmakted in tl&fog the formula far a simple hanim&lic ram- 
tL l>fi, a* i upprOJUTHAti-ly applicable ta tha tcLuml variation. At great depths lha 
■.m |iilit:Li-ilir-i at the 9i^nd *ml higher term* at the complex hunumk sorias bccoma 
&a ranch reduced that they do uoi 9*n*ib|y iulfoviKn the Tarintfon, which may 
eoELsec|ucntly ba exprewed with sufficient accuracy by a s-inj^Ic haruianle term of 
yearly period i bill At lb* tficataft drpLlls, for which eaptinnau & abscrvatiaiu had 
been idjuIc, Lord Kelvin found that the aixanid term had a ?cry i* risible influence 
and tha third and fourth term- wen by no means without elect cm the varlatfoi^ 
at 3 G feet from the itcirfaer. 

* Yurbw, ThM+ t^Lt- S<K, , Edin. f vol, xrl. pari ii a 1S46, 
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Much valuable intonation concerning the ob^rvations which 
Juive been niaiie on the rale of incr^iae of luid^rgmund temperature 
downwards is contained in i lie Eeporte of the Committee of the British 
Association appointed for this purpose. A summary of the results 
Untamed in the first fifteen Reports (1SG8-B1) has been drawn up by 
Professor J H D. Everett* the Secretary to the Committee, in which ihe 
general questions affecting such observations are discussed. Two 
kinds of thermometers have been u^od—slow-acting thermometers 
and maximum thermometers. A Flow-acting thermometer consists of 
an ordinary thermometer having its bulb embedded in etearino or 
tallow, the whole instrument being hermtlically sealed within n glass 
jacket. These were placed in holes a few feet deep bored in newly- 
opened rouk r such a? is preset]ted in mine works or tunnels. The holes 
were carefully plugged and made air-tight to exclude the influence of 
the external air. After the Ibjwo of ft few day a the thermometers 
were withdrawn and read, the slow action permitting thi* to be done 
without any appreciable change taking place in its indication during 
the operation. The maximum thermometers employed were of two 
types,—the Phillips and the Inverted Xcgretti,—both being sealed in 
strong glass jackets to prevent the bn tbs from being affected by pres¬ 
sure when lowered to a great depth in water. 

The thermo-electric method of Becquerel was a]*o tested by Dr. 
Everett, and from the result of some laboratory experiments ft was 
concluded that the method could not be relied on to yield satfs- 
factory results. The following table contains some of the results, 
the depth stated in each esse being that of the deepest observation 
utilised;— 


IfcpOi Lli to* 

F«i r r f + 


Bootli- Wali’rw&rk* (Livdrjpool) 
l'rzihrurj] Jliiw* f Bohemia) . ■ . 

■St. Ifottiani Tuhnet 1 
Wont Onift Tunne] 

East Murcliotcr CoabliEild 
IWSk Artodan Well* 

Lendoia Arteflian :K. ittwh Town 

Vakoutak K ftwv n ground ■; Liberia . 


ItK ISO 

ipoo i m 

6280 7» 

37 Mi 77 


J7!HO ji j 

131 '2 M-7 

iioo 

s4o as 

SUE 5i-5 

esc u 

‘170 13 

r*ro to 

t5iiU 34 



1 1 tl ■ * ■ 

Sliti Miru. 1 , WtaniihH 1 Xorthiimbcrlaod 


1 In the six ire Hi h Import it it* mentioned that Llies* miml»r* wen dertved^Atin 
n eoiiji-cluml cornelian for ike convexity of the mountain marfurjL I Jr, StapCi 
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Interesting observations have been made in a very deep bore 
(4500 feet) in Wheeling, West Virginia, by Mr. Hillock." Begum mg 
at a depth of 159) feet (the upper portion of the Imre *« ««“ 
with iron tubes), the first 244 feet showed a gradient of I F. in 
92 feet, ihe u«t 651 feet gave 1' in 845 feet, the nc*< 746 feet gave 
r in 80-6, the next 643 feet gave 1 in 62‘4, and t he next .M feel 
aye 1° in 58’1. The mean gradient for the whole 2871 feet (loJl 
to 1462) being 1 P, in 7F8 feet. At a depth »f 4492 feet the niton 
temperature of some water in the bottom of the well was found to be 

110-36’ F. , ™ r i 

309 The General Equations of Conduction.—So far we have 

confined our attention chiefly to the propagation of heat along bars, 
or parallel to a single direction. The general ease, however, in which 
the flow may take place in any manner may be treated l)y a smiilar 
method and the general equation* which determine it may be obtained 
without further difficulty. Thus if three mutually rectangular axes 
OX OY, 07. (Fig. 205) be chosen as axes of reference, and if a small 

rectangular parallelepiped, having 
its -edges parallel to the nxes of 
reference, be considered* and if 
the lengths of the edges be &x a &tj f 
&?, then confining our attention to 
the pair of faces perpendicular to 
the axis OX, it is clear that if 
the temperature at the central 
point of the parallelepiped be 
ihe UmpM*turo& of the two faces under consul oration will be 

ij jiiji 

0 + and 

for tiff Ax is the rule lit which, the temperature change* parallel to the 
, iX ; B OX —that h T the change of temperature j>er unit length in this 
direction t consequently 



X 




is the difference of temperature between lhe centre of the parallels 
pijhed and either end. It Ss of course understood that the element of 

daliitaUtiOJis lead, hnWYOTp In ibo cOireluikm that a much lnryi?r nl!oisr4iij«i inujt he 
made qmdw thi* head. Hr dcducee 1* F. in E& feet ^ the average rate of intTUMe 
fmnii ilic atirfACB above 10 Ihe tunnel, ami bo calcutain* tliiu at m de^th IkIqw the 
tmmi'L. anRkfcDt to make Ihe Isotherm nl isurfacei sensibly jdanc* the iticnauw Lh 
1 F, in fcPt 

l \y HjiTL ock, Jnvrf<m JWmtf v/Scintot itm/ JrL Mitr-cli, 1S34 
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volume is taken ao a mat! that the temperature over each fiicc tt$ 
sensibly uniform, a m3 that the rate of change of temperature may 
be taken uniform along each edge. 

The influx at the first Face per second is consequently 



while the efflux at the opposite face is 

-***£(*+*£*), 

and hence it follows that the clilfeioriccs between the induces and 
effluxes per unit time for the paira of opposite faces are 

jjr2jfl j.jy* 

k-^s&x&nf&Zt JU~fe%Az^ nai] 

The snot or these three quantities must ttmuqtkently remain lodged in 
tho element, so that if the thermal capacity per unit volume be r T this 
sum must be equal to 




for dftjdt is the rate of change of temperature of the element—that is, 
the change of temperature per unit time. W« have consequently the 
general equation— 

„/« rf*0 <F*\ rfa 


If the temperature lists become permanent at each jKnnt, so that a 
steady flow is established, we have dOdl = 0, and the equation of 
steady flow Lb there fort; 

*cy_ A 


or + as it js generally written, 

7^=0. 


To determine its a function of /, y p c* /, it h necessary to know 1 
the manner in which the beat enters or leaves the body at the various 
points of its surface—that is, we want an accurate knowledge of the 
surface conditions- Wo might suppose, for example, that one part of 
the surface is kept in contact with a medium at uniform temperature 
ft lr while the remainder of the surface in kept in contact with another 
medium at a different temperature tf r If & t be higher than 0% then 
in the stationary state heat will enter the surface in contact w L ith the 
fir-jt medium and escape by the surface in contact with the second, 
the quantity which enters being equal to that which escapes. 

Thu* if dn be an element of the normal to the element of surface 
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<IS, and A, ni>d b., the coefficient* of trierier conductivity for the first 
and second media, then we have the quantity ot heat which passes 
through dS equal to 

Iiiul lor an element in contact with the second medium we have 

Tittle equations express the surface conditions necessary to the 
complete determillation ot the How of heat and distribution of 
temperature, 

310. Isothermal Surfaces. Lines, and Tubes of Flow* —In the 
general case the temperature at any point of a body will ben function 
of the co-ordinates x, _■/, of the point and of the time t r so that the 
general expression for 0 at any point will lie of the form 

*=/(*. tfr 5 h f). 

Hence, if we write 

fix, jfj - T i)=a, 

where a. is a constant, wc obtain the locus of all the point* at which 
the temperature has the same value » at the time f. These joints 
lie on a surface, determined by the function /, and named m 
isothermal *k r/W because it is one of equal temperature. When the 
fl ow lias become steady the temperature at any point remains steady, 
and therefore docs not involve the time. In this case, then, the 
Isothermal surfaces arc fixed in shape and position, each separating 
those parts of the body which arc hotter than a certain temperature 
from those which are colder. In the variable state, on the other 
hand, the shape and position of an isothermal surface corresponding 
to a definite temperature will in general vary with the time. 

If a system of such surface* be supposed drawn within (he body, 
the temperature of each dififering, by l suppose, from that which 
mimed Lately precede* or follows it, the whole body will then be 
divided into a system of layers or shells such that the temperature of 
one face of each layer exceeds that of the other by 1°, and a How of 
heat wil3 proceed through the shell from the hotter face to the colder. 
The direction ul the How at each face will also be perpendicular to the 
surface, for since the temperature is eons taut all over eaeh is o t hernial > 
it follows that there can be no how along such a surface. 

It follows then that I ho direction of the resultant How at any 
point of a body is along the normal to the i*o thermal surface passing 
through that point, so that if a line be drawn cutting the whole 
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system u! surfaces urthogomdly, the direction of the How llI every 
point of this line will be along thu line. For tin* reason n line 
drawn ao ae to out each of the system of surfaces at right angles is 
termed u line *.*/ 

The whole body may thus be imagined to be divided into n 
system of infinitely thin shells by a ftVfltcm of iflothermal surfaces, nod 
the infinite system of lines which ctn be drawn cutting these shells 
orthogonally are the tines of flow. 

One property of these systems is that no two isothermal airfares, 
or no two lines of flow, can intersect each other, for no point can 
posses two different temperature at the same time, nor can the flow 
at any point be at once in iwrt different directions. 

If now we consider any closed curve drawn in the body, say a 
curve traced on Jin isothermal surface* and if we imagine the lines of 
flow passing through each point of this curve to be drown* then these 
lines will form a tube having iho lines of flow lying in its surface. 
Sutfh a tube is tanned n tub ttf Jt»w t and i- such ihni there is no Htut 
of heat across its walls, for it i* bounded entirely by lines of flW* 
and ho two such lines can intersect. 

In the steady state it ie clear that the total flow of heat across 
ativ isothermal surface is the same as that across any other, that 
th e*? surfaces cut the tubes of (low orthogonally, and that the 
quantity of heat which crosses any section of such a tube per second 
ie the mhic wherever the section bo made. Id fjict, any heat that is 
once within a tube of flow must for ever remain within it, as there 
can be no flow across its walls. 

Again, if we take two dose isothermal surfaces, enclosing a thin 
shell, and if wo consider two equal elements of area </S on different 
parts of the surface of this shell, then if d$ be the difference of tem¬ 
perature between the two faces, and da the normal thickness of the 
shell at one of the chosen and dt\ that at the other, the Hows 

of heat per second through the two dement? will be 

-a «>-*£* 

respectively. Hence it follows that 

Q da' 
g l = rfn ! 

or, in other words, the How per unit area at any point of the shell is 
inversely as the thickness of the shell, so that where the shell is 
thinnest the flow is most rapid. In the same way it follows, from 
what has been staled concerning tubes of How, that the How per unit 
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urea through miy cross-section of a tube of How varies inversely as 
the area of the section, and combining these results, it follows that 
the tubes of how aro nano west where the isothermal surfaces are 
closest, and ri« rsr$&. All this, however, follows at once from our 
definitions (p. GO 5). 

In the above equation wo have supposed the conductivity of the 
material to be the same at c&di of its points; if this be not the case 
we have Q/Q* Kdn ; K'dr^ so that the more general statement will 
bo that the flow per unit area at any point of a shell bounded by two 
isothermal surfaces is directly proportional to the conductivity and 
inversely proportional to the thickness of the shell at this point. 


Examples 


L A sphere i>i uniformly heated and then Ml to c*el iu a niL-diuut of uniform 
temperature. 

lit thli ■naj-B the isQthfmia] surfaces! are it system «f concentric ^pht-Tcs, nml llio 
lidLa of (low IK right Ultra putting Ihrough their common centre., while the tubes of 
How jin- cones hnvictg a, common vertsi at the oentre of the sphere, The hue* and 
tabei of flow Ttmum fis&l while eroding proceeds, hut the rAdim of the botherral 
tstirfic^ c&rrc>j hiding to a given htnpentura gmdullj contract*, the fttirMe 
muring lit towards tlto centre. 

H. Tito EdfibK! of n. Sphere i', kept At a OGnitant temperature by a ■touite of btat p 
while the iurfrui? h immerud in a medium of uniform lower tom per atm tv 

In Example 1 the tempentm At enoll point grad nal I $ falls, and no state of 
steady flow in a l tank'd. In this eim, however, then ii a npply at the centre, and 
a htate of atrady flow Freni the ccntm towards llte surface [* Btflablbbid, Hen- the 
isothermal hlfEiccw, a* hefun% arc spheres. but now they rumun fuced in the body, 
and the total quantity of Iieai that flews any surface per *™hd h the wane 
a* Unit which llow-H acra-- «uy other. SuprpDBii^ the conductivity miif-.mii, w<- 
liBTt 1 for this quantity 


- Ktt4ti- 5 = Q, 


ansi BttiCe <3 h the Some fur at] Values of r p we have 


where a ii a constant. 
Hence 



n. 


fmfr a . 


whieh gives lha temperature a! any distance r from the centre, 

3. Two BtnfHecA of a uniform spherical fh*U m kept at constant lVTnp<Tr*tnr*H 
£* ]r and A*- 

Let the InUl of the I Wo -rurfucta the r, and Then t he temperature at Any 
intermediate diitiuee v fa given by thfl equation of Sample 2. The constants a 
and fi ate dstarfflinad by the two niirfoCe- conditions- 


r t " *** 
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Therefore 


consequently 


^-n ' 'i-** 


while the quantity of hmt which flow a ACfl&fts Ally iiathtrai4 surface p*r >ocond in 
4 tK^ k and thltttUA quantity of heat ironid flow per wrdiul through ail area 4r^ : of 
a wall of iha ^mia thickness tA the iholl aud bavin" its ticn* at the wtiafl dUfawo 
of temperature {fj - ■**), if r is the grumcttric mmu of r, and r T 

■I. The internal scut external surface* of ft long hollow Circular cylinder ut*' 
kept n£ fixed tem] *era LfcLrri *ud 

]r thin case tho isothermal &U.rf4<M* a« coaxial cyllnderi, ami tint tnhftflflf fluff 
are wedges hlTlng their edge* on the AXLH of the cylinder, The cp i-r^cMon of any 
oDo of these Wedge* by A plane parallel to ft* «i£# ia a nctangle of CdnAUttt length, 
ami a breadth which Vane* directly aa the distance from tile axis. The area of the 
section mMWdtfnCy varies directly as its dialA-aCe (r^rn the A?U, and therefore the 
How per unit Atcri, in the steady state, varirtt Inversely as the IlltHU- Inking K 
constant, the equation of flow may there for* be wn Iten In the form, if the inner 
surface be hott«ftt F 

d& a 
dr " r 

W liens a is A cintisiatit: and hence 

- a log r^k 

Th^ constants & and & are determined by means of the surface condition 
ff 3 = a log r L + & and (L ~ - A log r.j + k 
SO that s 

1( = *■-* mi b = ~y°g f «. 

log {rjTi) log[rJr 2 } 

The Irntpctaluro at any distance t yj cont inently given, by the cqnation— 

_ k - A. . ? t kg rq - k log r, 

"lofftw*) ' ioftftffl}’" 

log (f |/rj 

The quantity of he*t which flow* per sccoiid across a length i of I hr ry1ind»r will lio 
0 = - 3srfK^ - 

io&lrjrt) ' 

Iff be the thickness of th*cylinder, WO have ^-r a - r |T and hencr 

hl *?- to *( 1+ iH 

if , b, *m*lt. H««cn for * thin of lindrial tub* of on! in* r w* have approx inntaly 

q^SrKi!*, -«J € . 

Os THE CONDUCTIVITY UF CHTSTAU* 

3U. Propagation of Heat in jEoIo tropic Substances. — In (he 

previoua investigationa we have had under consideration the propaga- 
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tian of heat hi isotropic substances—that is r in subBtnnfcef possessing 
the same physical characteristics not only in every part, hut also in 
every direction around any point. When heat is supplied at any 
point of an isotropic body* the How takes place equally in all directions 
around the point, and the isothermal surfaces arc concentric spheres 
surrounding the heated point as centre. On the other hand, when any 
point of a heterogeneous sultanct! is heated, the How of heat in any 
direction* and tlie shape of the isothermal surfaces, will depend upon 
the characteristics of the substance, or the manner in which its physical 
properties vary from point to jtoini and from one direction to another. 
If the substance be homogeneous, however, but not isotropic, then, 
although its properties may be different in different directions around 
any point, yet the properties of the substance along any line nave the 
as those along any parallel line, so that when any two points arc 
eompireds, the thermal conductivity and other properties of the sub- 
staticc along any line drawn from one point will be the same as along 
a parallel line drawn through the other. It follows, therefore, that 
when any point of a homogeneous substance i* supplied with heat, the 
isothermal aiivFares around ii will be independent of the position of 
the point; or, in other words, those around Otic heated point will he 
similar, find .dmikirly situated* to those around any other ]joint* We 
shall see immediately that in general these surfaces arc systems of 
similar ellipsoid*, which become spheres, as a particular case, when the 
substance is isotropic. 

The first experiments which established a difference of conductivity 
in different directions seem to he those of MM. de hi Hive and de 
Candolle- 1 These philosopher* proved t hat wood conducted heal along 
the fibre better than at right angles to it, and this conclusion has been 
confirmed by the subsequent investigations of Tyndall-and Knoblauch/ 1 
The conductivities in different direction s were compared by the method 
adopted by Desprclz. (Art, 293)! blocks of wood being cut with pair* 
of opposite faces perpendicular to the fibre, parallel to the fibre, and 
perpendicular to the ligneous lay ere, and parallel to lioth the fibre 
and the ligneous layers, respectively, In all cases the conductivity 
was best along the fibre and worst in the direction perpendicular to 
the fibre and the ligneous layers—that is, along the radius from the 
centre to the bark of ihc tree. The following table, selected from 
TyndaH s results, will give an idea of the difference of conductivity in 
the three mutually perpendicular directions Just mentioned. The 

1 Be La Hive And de Candolle, BiUwtMgvt Uniter stile dt frnfa e* tom. mis. 

- Tyndall* Fkih 4 th voJd, v. and vi, ; and jftnf a Mak of Metim. 

1 Eopblaadbp Ann* vq). c *\ {*. 
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numberf rcf^r to the deflections of the ^alvaiionifitlf si«dl in cht L 

experiments:— 




SVrti. to Fibre 

J'erfb to KUitt 

K’jrisn iif WoffU 

l-’glO.IIH Ilk 

hni 1 nttiJM to 

iivii fa 

Flbl*. 

LUlieOeiH 

IJfEMOHJ 



JjayfiFL 


Oj%k 

34 

no 

S* 

I BmoIi . . . ■ 

33 

70 2 

9'ft 

BuAWIMmI r - - 

37 

12 U 

$)'& 

A.h]| + . . + 

27 

n* 

9’5 

Apjnle-tref! . . 

Scotch Fit * . - 

as 

22 

13* 

12^ 

10 0 

700 

i_J 


t 

A similar difference of conductivity along and perpendicular u> the 
plunci eleavagc of Wrnted mbi which are not crystallised W 
been detected bv JanmsttaE, 1 Hie conductivity be in- best parallel to 
the planes of cleavage and worst perpendicular to them- The same 
difference along and perpendicular to the plane* of cleavage of bismuth 
hits also been found bv Smnberg and Mattcucci. This difference in 
the case of laminated rocks shows that underground temperature* may 
be considerably modified bv the inclination of the strata to the Horizon. 

312. Experiments of M. dc Sen arm ont .-The first extended 
experimental investigation of the conductivity of crystals was that of 
M. de Seonrinnnt.- The method adopted consisted in cutting a thin 
plate, with parallel faces, in any desired direction from the crystal. 
The surfaces of the plate were coated with a thin film of white wax, 
and heat was applied at one point, from which it was conducted m 
all directions through the plate. As the plate became warm the wax 
melted wound the i^int, and the inequalities of conductivity m 
different directions were indicated by the shape of the bounding line 
of the melted wax. 

In the case of isotvopic substances, such as glass or cubic crystals, 
this curve was always a circle, and it was also a circle when the plate 
was cut in certain directions from crystals which did not belong to 
the cubic system, but in genonl with a plate cut in any other direction 
from a crvstal the curve was elliptical, or at least an oval curve very 
approximate I v an ellipse. This line remained visible on the wax 
after the plate had cooled, and its eccentricity anil the position of 
the axes of the curve could lie determined. It would thus appear 


t frjotmnl JiiiMtUii, Minimal * 1‘kst^u', turn, v. p. ISO: uud Chimit ; 
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that the isothermal surfaces around a located point of a crystal are in 
general a ays tom of concentric ellipsoids. 

It was also found that the axes of these ellipsoids, or the thermic 
axes* coincided with the crystallographic axes of symmetry* so that, for 
example, in crystals of the cubic ay■ tom the propagation of heat took 
place as in uncry stalliscd media, and in crystals of the rhombobedral 
system the axis of the crystal was an nxis of thermic symmetry, the 
isothermal surfaces being ellipsoids of revolution around it + It was 
found in this manner tliat quarts and calc-spar conduct heat best along 
the ssxia of symmetry, and equally in all directions perpendicular to 
this axis, while idocrase and toil rum Hue conduct heat best at right, 
angles to the axis. 

One method of heating the crystalline plate is shown in Fig. 2Q6- 
A small holt; having been drilled through the plate AB, a copper or 
silver wire (being good conductors) was passed through it* and the 
lower port ion MN was bent at right angles and heated by a lamp, the 
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diract radiation of the Imp being carefully screened off. The wire 
soon become* heated, and being a good conductor, the heat is earned 
to the plate* the was melts around the hole, and an isot henna E 
line correspondiug to the melting-point of the was is left imprinted 
on it. 

In M. do Sen arm on is experiments it was not a simple wire that 
was used* but a fine silver tube, so that, when it became heated an 
amending current of hot air Slowed through it, and heat was carried 
to the plate both by the conduction of the metal and by the con¬ 
vection of the heated air. Two other method* of heating the plate 
were also employed. In one the ray* of the ann were concentrated by 
a lens of short focus to a point on the surface of the plate, and in the 
other a wire was i«issed through the hole and heated by an electric 
current. The former method poshes an advantage in that the 
drilling of a bob is avoided, and no discontinuity is introduced into 
the plate, amt in the latter method caution is necessary in heating the 
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wire, lor if the temperature be railed loo suddenly the plate may be 
fractured. 

When the plate is fairly thick, and heated by a wire patting 
through a hole at right angles to it ft faces, the curves on its two faces 
^re in general not true ellipses, but egg-shaped ovals, such as are 
shown in Fig, 207, living their rcioru obtuse ends turned in opposite 
directions on the two facet This arises from the fact that the plate 
is not heated at a single point, but along a line, and when the source 
of heat is a line, the curves on the two faces will bo similar ellipses 
only when the line is in the direction of the diameter of the thermic 
ellipsoid, which is conjugate to the direction of the boss of the plate. 
This point will be brought out in the theoretical investigation which 
follows. 

More meat experiment by Von Lang 1 and Jaimettai have 
extended to u great number of crystals the results obtained by De 
Sevtarmont, but they have brought to light no new or more general 
relations. 

A determination of the absolute conductivities of crystals in 



ditferent directions has been made by Mr. C. H. Leev according 
to a plan suggested by Sir Oliver Lodged 1 This method consists 
in placing a slice of the crystal between the end* of two bars 
of me Lai placed end to end with their lengths in the same straight 
line. The crystalline lamina thus forms part of a compound bar 
which maybe treated experiment ally, either by the method of Forbes 
or by that of Angstrom. 

In order to secure good contact between the bars and the crystal, 
a metal (brass) was used which would amalgamate, and the contact 
given by the amalgamated ends was found to lje extremely good. 
The temperature curve along the burs was determined by means of 
thermo-electric couples of iron and German silver soldered into the 
hairs. The compound I par was picked in sawdust,. and one end was 
heated by steam, while the other was immersed in cold water. When 

1 Victor Von Lung, /W/. Ann. nl. £S*xv_ j> 29, 1S<>9- 

,J Clwrlcj II. Lees, Mtmmrt and /Vt*r. e/ thr Mancktrizr Ph f/, and IAL tioc, vn|. 
h. p. 17, 1560 PI; PkiL Tr* at, 15K, 

a O- J. Lodge, Phil. Mm/. (Sh moL v. p 110, 1976- 
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tke temperature curve was plotted, the value of tl&jiU could lie 
determined for each face of the crystalline plate ; 1 and when the 
absolute conductivity of the brass bar s is known, that of the crystal 
can he deduced, The absolute conductivity of the brass was deter, 
mined by Forbes s method. Lees found that the value of tv for quarts 
it* 0 "02 9.0 parallel to the optic axis, and O’OlOS perpendicular to iu 

313. Theory or Conduction in Crystals*—The theory of thermal 
conduction in crystalline media was attacked ns early aus 1828 by 
Dnhamel,- who from the hypothesis of molecular radiation deduced 
the general expressions for the flow of heat, and subsequently ob¬ 
tained a number of general consequences which applied directly to 
the expcrinienM of M, de Sermrmont. In 1 So 1 the theory was 
presented by blokes ^ in a form independent of any hypothesis of 
molecular radiation, thu only assumption made being thu general one 
that the quantity of heat la conserved, and, by mean* of an auxiliary 
Holid, problem* relating to crystalline conduction were reduced to 
corresponding problems concerning isotropic bodice. 

L Inis if we con sulci' the flow of beat acros* an elements rv plane 
area, drawn in a given direction, through any point P of the body, then 
if/be the flux of heat per umt area, per second, across thU plane, tbe 
dow across the element dS in the time tH will and the value 

ot j will depend on the direction in which the plane is drawn, and 
also on the time and the position of the [joint. For the present we 
shall consider the time and position given, so that / will depend only 
on the direction of the plane. 

Let t hree rectangular planea of reference be chosen, and lot/^ /^ f £ 
l>e the fluxes across them. Then if ibe elementary plane 4 /S he sup- 
[toyed to approach indefinitely dose to the origin, it will, with the 
planea of reference, enclose a small tetrahedron whose faces arc 
X'f’S, /n/S, wlh respectivdy f where A, ^ v are ihc direction cosines of 
thv normal to dS. Now if the steady stage has been reached, as 
much heat flow* into this tetrahedron as flows out j and even if thin 
stage has not been attained, the difference between what flows in 
ami what flows out will be vanishingly small compared with either, 
for it is proportional to the thermal capacity of the element and 
the rate of ii&e of temperature, but the former i< proportional to the 
cube of the linear dimension of the element of volume, whereas 

1 A carieetKi>n Far t V th in lay dr df naercurj bcLw^n the umLd mid the crystal 
wb^ determined by a npivjnl &s[wninetii. 

* ttoUmmUjrnrHfit * toms, ni *«a. ifo Utimv 

Jtrpftiu *ur 1 d Tk&mc AnalttUque dt Vitim, iflflf. 

1 li'L Stokfi,h Dublin MaiketmliMl Journal* raL yi r jt, 
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the fluxes across the faces vary a* their areas or the of lbl 

linear dimensions, We may therefore equate the sum d the flows 

aCP0 » *tiy three faces to that across the fourth, Rf that we have tho 

flow/.dS'per second across the base <iS equal to the sum of the "«=- 

UM&Up&tU*® afil0 ' s th * othtir facL ‘ s ' or 

- • * ' ■ 01 

This equation shows that if the flux** of heat across the planes of 

reference be represented by three vectors, * in the me oj » 

velocities, the flux across any other plane wilt ho represent* - 
Mia of the resolved parts of these vectors along the perpendicular o 
ttio plane tor some plane through P the flux of beat is greater i an 
for Iny other, and the Hux of heat across any other plane is this 
maximum flux multiplied by the cosine of the angle between the planes. 

Let 0 he the temperature at 1'. and lei us consider an elementary 
parallelepiped of sides *, fe fe The flow of heat per second through 

the fwe ,hc rtH1 ' v tllrOU S h thfl ■W*"* fa “ 

y f +. ^SteySffSz, and so on for the other pair* of faces, so that the gain 

of lisad per second is 

Rut if the rate of change of temperature be dW «ad it ‘he thermal 
capacity |>er unit volume be e. this must be equal to <****>-,ft, 
and wo have 

.( 3 } 

Thus, formula or, portal!;- B r«»l, u* *PPV «' 

L Homopeorou. or .lot. W. di.U now ..nppose tho l»«r,»l homo- 

cencous, and that t is constant- .. . 

U this point a distinct assumption is mmle-immdy, that 
of beat at P depend, not on the absolute ternpereture, but odyon be 
variation of temperature in its vicinity. In fact, it is turned that the 
flnx'-icro* any plane is a linear function of the rates of change of 

rempZtore dlfk */* * * 1*** * ^ *"* ™ ** 
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Substituting theac values in equation (2) ivc have 


d*& r iFt) fP$ ..._ d*0 d-§ M if*$ d# 

h V +1+ ■ 


(4) 


where a = a r 2/ = -y^ + ^ etc. 

Now there is a certain set of rectimgular axes*—Eiumely t the nxetf 
of the quadric— 

oa^x^+e^-Ka/js + H^af+ati^s 1 . s + i,S) 


for which the equation (4) Hikes the form 






for if new axes of reference C/‘, Oy' T Gt r be chosen, making angles with 
the old axes Or, Qg f 0- d whose direction cosines are i y m t n ; i\ m\ v ; 
r, tfi‘\ /i # ' ; then 


and 


/ = £r-r?KL^ + *l~ 

^ ^ rf Hi 


riHd since the symbol* of differentiation combine with each other 
according to the aame law as factors, it follows tlmt the equation (4) 
mil be transformed by a change of axes exactly as if the symbols of 
differentiation were replaced by co-ordinates x, jf, c. Wien the prin¬ 
cipal axes of the surface (5). or any three conjugate diameters of it, 
are taken as the axes of reference, the equation (+) takes the form (&). 
These axes are termed the thermic <iw of the crystal 

Taking the thermic axes as the axes of co-ordinates, the general 
expressions (a) for the Hut of heat become simplified. The expressions 
(3) for /n/yi ft contain nine arbitrary constants - but when wo sub¬ 
stitute (2) and compare the result with (6) it follows at once that 

fti - tl * 7i ' “ 3 . 7s — - &. ®o tAat the expression# may be written 
ill the form 


-/<- 


KZ~ ll Z^Tt 


dij dz 


-/,= -Of + Ff +C ^ 

tli rfiY d- 


(?) 
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\x\\\at contain the thermic axes, and if these plane* be taken m those 
of scr and yz t the expression for/* must change sign with x> while/* 
and /. remain unaltered. Similarly / y must change sign with tj, while 
fj and f T remain unaltered, and referring to equation (7) this requires 
F, 6, 1! to vanish* $0 that 


. A -W f _ 


/ = _ € <i? 


») 


“rtr’ /J, “ W 

The constants A, B, G are Lhu,- the conductivities of the substance in 
the directions of the thermic axes* and are termed the principal eon 
duct ivi ties of the crystal 

Now, in the ease of an isotropic substance the equation which 
determines the distribution of temperature it (Art. £G9) 


/M #» d?fl\ ife 


(M 


and equation (6) which applies to a crystalline body will be trans¬ 
formed into an equation of the same form as (9) if t hi-i co-ordinate* 
x f j, ^ be altered in the ratios -s'A. K, v'B SC, and v G K respectively, 
or (9) will ln h iransformed into (G) by altering the co ordinates in the tvimd 
inverse ratio. And if fffi take K 1 ABC + any volume of one will he s ' 111 
strained by this transformation into an equal volume of the other. 

Hence the distribution of temperature in an inotropic solid* arising 
from any given conditions of heat-supply at one or more points, 
being determined* the corresponding distribution and the isothermal 
surfaces in a crystal may he deduced by straining the co-ordinates in 
the manner just indicated. 

Thus if heat be supplied at one point of an infinite isotropic 
solid according to any law, the isothermal surfaces will lie spheres, 
and if the source be taken as the origin of co-ordinates, any one of 
these spheres will be given by the equation 

«*+/+*«* . . . . . ae) 


where r is the radius of the sphere. This surface becomes strained by 
the above transformation of eo-nrdinates into the ellipsoid 


■^sr 1 „.=?_*? 

A U C K 


( 11 ) 


which is the corresponding isothermal surface in a crystal the i»> of 
reference being taken in the direction* of the thermic axe* of the 

cryetaL 

Hence! in an infinite crystalline medium, if heat be introduced at 
a single point* the isothermal surfaces will be a system of concentric 
imd similar ellipsoids, the axes of any one of which are directly pro- 
|jortionl3 to the square roots of the three conductivities of 
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thti substance. Again., in the isotropic medium the How of heat at any 
point trikes place along tie radius of the sphere, and varies* inversely 
as the distance from the source, and the same result holds in the 
ervstrd. The flow across any plane touching the thermic ellipsoid is 
consequently in ihe direction conjugate to that plane. 

Now, it an infinite isotropic plate be considered., and if hent be 
supplied at tiny point or any number of points along a normal to the 
plate* the isothermal surfaces will be surfaces of revolution round the 
normal* and the isotherm*) curves on the face of the plate will be 
circles, Hence, if a corresponding crystalline plate bo heated at any 
point or at any number of | oinks along a lino (the line of sources) 
taken in the direction conjugate to the faces of the plate with respect 
to the thermic ellipsoid (11), any particular isothermal surface will bo 
ihe surface generated by an ellipse moving with its plane parallel to 
the face* of the plate, its centra on the line of sources, and its principal 
axes parallel and proportional to those of the ellipse in which the 
thermic ellipsoid is cut by a plane parallel to the faces. 

X ej die particular case in which the faces of the plate are cut [parallel 
to the circular sections of the thermic ellipsoid, the isothermal curves 
nr i the faces will be circles, but the line joining the centres of die 
system & on the two faces will not be normal to the faces. In order* 
then, to procure ellipses on the faces of a plate in He tteiLarmont's 
experiment, it is necessary that the hole it] the plate should be drilled 
in the direction conjugate to the faces with respect to the thermic 

ellipsoid 

In the same manner when a crystalline bur is heated at one end, 
the isothermal surfaces are not planes at right angles to the length of 
the bar, but are planes parallel to the diametral plane of the thermic 
ellipsoid, which is conjugate to the direction of the length of the bar. 

Again, the flow of heat across any element of area in the cry hi a! la 
equal to the How across the corresponding element of the derived iso 
tropic solid. For the Haw across an element of area dydz perpendicular 


to the axle of ^ in the crystal is and if E? ABC, this is 

equal to the How across die corresponding urea in the derived solid. 

If we denote by \ n A- the differences between the expressions 
(7) and (S), wo have 


# 


-V-r ' <ly ■ ,j ; 


which is iuiiilojpnifi lo the equation of continuity of an inctunprosaible 
Hnid. 
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Iii operating on water a cylindrical wooden vessel E (Fig, 208) was 
employed, aliout I metre high and 20 cm. in diameter. At intervals 
of 5 cm. holes were drilled in the walls of the cylinder, and in these 
thermometers were inserted w ith their bulbs placed vertically over one 
another along the axis of the cylinder The vessel was filled with 
water, and on the top of the liquid a copper box A was placed, which 
was kept filled with hot water renewed every Jive minutes. When 
this was continued for some time the npjjer thermometers were 

observed to show a gridml 
increase of temponitiiro, 
wild the wave of tempera¬ 
ture proceeded slowly 
downward*, us Ion ■' as 
thiity-aix to forty hours 
he big required before the 
stationary atJite was jtt- 
lained. This elevation of 
temperature could not be 
attributed to conduction 
of heat down through 


lh0 ™ <)f tbe f “Wy- 
conducting vessel for 
Ucspretz, by means of other thermometers placed in the liquid with 
their bulb* near the walls of [he vessel, found tlmt the temperature 
was higher along the axis than near the sides of the cylinder Near 
theOop the temperature did not vary much over a horizontal cros,- 
Metiort, bin lower down tbm vai iution was coiuideimbf& It was thus 
[.roved that the propagation of heat takes place ihrough the liquid 

ether by molecular diffusion or by conduction proper, or by both 
processes, J 


Jesprcs specially observed the temperature, in the stationary 
condition, andI he found that the distribution of temperature along the 
axis oi the cylinder followed the some law as [hat in a long mend bar 
heated at one end and cooling by radiation in the open air |„ this 
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By a comparison of cylinders of the same material, Desprefcz found 
that ft varied inversely us the square root of the diameter of the 
cylinder, ami this relation holds also for metals* The method* 
however, does not appear to he suited to give very accurate result?, 
and lhe interest attaching to experiments i> chiefly historical. 1 

The same method waft subsequently adopted by FiiaIeow,- in a 
slightly modified form, in an investigation of the relation, if any t 
between the electric and thermal conductivities of van out liquids, and 
his observations prove that no relation csss La between these quantities. 
For tt appeared that water and sulphuric at 1 id conduct heat almost 
equally, the former being somewhat the better. 3 

The conductivity of water, in absolute measure* has been obtained 
by Dr. -X. T r Bottonilcy 1 by means of a modified form of Despret?/# 
apparatus* The copper vessel employed by Ile&prctz to contain the 
hot water, which acted as a source of heat, wais dispensed with, and 
the heat was supplied by gently pouring hot water on the top of a 
wooden float of a diameter slightly tea# than that of the cylinder 
which contained the water to be experimented on 1 and on which the 
board floated. two thermometers were placed with their stem# 
horizontal and their bulbs oei the axis of the cylinder at a short 
distance from each other. Thw thermometer# gave I he difference 
of temperature of rhe two face* of a horizontal stratum of ihe liquid 
of known thickness* and the quantity of heat which flowed through 
this stratum jwsr second was calculated by observing the change of 
temperature of the whole mm of liquid below. This waft indicated 
by a vertical thermometer, which had a long bulb extending down¬ 
wards from the centre of the stratum in question to nearly the 
bottom of the vessel. Another thermometer was placed horizontally 
at the bolt oiii ot this upright thermometer in order to ascertain when 
the wave of temperature had travelled so far, and as soon ns this 
Occurred, which was not mi til the end of an hour, the experiment 
was stopped. The value found in this manner for the absolute 
conductivity of water in the C»G*ft. system of units wa* 

Fat Water - 

The method, however, is by no means free from serious objection#, 
especially in regard to the manner in which the quantity of heat which 

a A valnnhltf hhtatitd KtsOfilal qJTIi-b eonduffthmuf Wt iu liquids luis been pr*n 
bj Dr, C. d»™ Lu thfl rhtffrqikkttt for July 1^7, toL x\W. p, I, 

't IVlzoW, Aw** Tot CMXiv* \K r Uft, iftSk 

1 [Tim sulphuric «Ul is highly fmhwb which maikiiiU for its deatiicaj goej. 
duvtivi ty. ] 

* j. Tr Boktnuky, FhM- Tmtw. AV. P IASI* p. 5:ir, 
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flows through the stratum is estimated, and the value 0 002 differs 
considerably from that obtained bv subsequent investigations 

315, More Recent Investigations— The methods which have 
been nn® applied to the determination of the conductivities of liquids 
ielung chiefly to two classes. One in which a layer of the liquid 
under examination is contained between two horiental discs having 
their centres in the same vertical line T and the other in which the 
liquid is contained in the annular apace between two coaxial cylinders, 
[he first method, which may be termed the flat disc method was 

adopt I by Professor Guthrie’ in 1865, and later hv Weber * and 
Lorberg.' 

Experiments by the coaxial cylinder or annular space method have 
been made by Winkel luann * and Beet rJ 

Winkel man it's results, expressed in centimetre, gramme, and 
ttnnuto unji^ are, for iemperatiircs between 10“ mi d IS C 


W*t^r 

Salt aolurirm . 
Alcohol . 

Rurttljkllid? Mrbon 
GlyMriiit! 


0-W2 
G'liiOJj 
0 0304 
0*H SB 
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i T /°a of ^ conductivities of pour conductors by 

lees (Art, 302) were extended by him to liquids also. Fi fr 209 

shows the form of the app&r&tos, C. 

*’ atl(l L flre nickel-plated copper 
discs, these being termed the cover, 
upjKT, middle and lower discs respec¬ 
tively. P is the heating C oi|. G is 
a glass disc of known conductivity 
be lt F»an »i U it*ed to measure the transmission of 

ll ll 1 To «na 2T"f , “”‘” d “* '‘I* 11 

‘ and u IO find the heat conducted th rough the ebonite ring, itn cvtr-m- 

“ Of W «ft Hull 0,0000^0 S 

r 8 ,;;: *s t "r^ Th ‘ ■**- ■w**-- - 

n an a r-knh Lees found a decrease in conductivity with rise of 
temperature. He states also that the conductivity of a su.»ZcI 
docs not always change abruptly at the melting point The flowing 
table contains some of his results for liquids at if, C. g 

* II F YiYI*r S' 1 !) To1 ' P- «*, lap. ~ 

* H. tarberg, \V,„i Jn „ l , " i , ' JtHl *'* ' Vo1 ’ **■ t- 317, IflSO. 

* A- :± T; WI - « ■ W- 

* w. iw„' SB , ? t L cm * '&?<■ 

l * 1 ’***■ m. p. 43& r ibt». 
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CONDUCTIVITY OF GASES 

316* Andrews's Experiment Conductivity of Hydrogen,— I lilTL- 
cult os the practical determination of the conductivity of liquids may 
be T the invest igot Eon becomes more com plicated and perplexing iu the 
ease of guscs* for hero the phenomenon is masked by direct 
mil hit ion. and it is almost im possible to determine how far 
the effects arc due to convection and diffusion. For these 
reasons the do termination of the thermal conductivity of 
gsisea is alt investigation of extreme difficulty. 

Many familiar facts* however, render it certain that 
heat is not conveyed with facility through air or other 
gases except by radiation. Thus the presence of interstice* 
and cavities filled with air renders such materials as fell, 
woo! t furs, etc., very had conductors of heat, Such suh- 
stances when compressed* so as to reduce the air cavities, 
conduct heat much nvtier, and consequently become less 
warm when used as articles of clothing, but ns to whether 
heat is propagated through the materia] more freely when 
the cavities are filled with air than when they are com 
pletoly empty or filled with other gases must be tested 
by experiment. 

The experimental evidence on this subject points con- 
sbteutly to hydrogen as being a much bettor conductor oi 
heat than any other gas t or at least indicates that heal is much more 
frcelv propagated by this gas than by any other, A celebrated 
experiment on this subject that described by Dr, Andrew*, 1 and 
usually attributed to Grove. A thin platinum wire (Fig, 310), through 
whiedi an electric current could l>c passed* was stretched within a gln&s 
tube. When the tube was filled with nir, or any gas other than 
hydrogen* while the wire was raised to incandescence by the electric 
current, it was found that the brightness remained* though less vivid, 

1 Andrew-n, /Vue* AW Irish Acwitm^ vol. i. p. tsU, ISlO. 
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when the tube was exhausted. 1 0n the other hand, when hydrogen 
iiTsis passed hi to i lie t nbe n t ho b righ tness of t he w i re wits grw l \ v 
diminished, or altogether annulled. 

The experiment was varied by Grove,* who passed the name 
cmreiiL Ihrough two similar wires strffched in different tithes. which 
could behllcd with different gases, When one of the tubes contained 
hydrogen the wire if] ih.it tube w;lb not luminous* although the wire 
in the other was vividly bright. This effect wjis found by Magnus to 
he very decided* even when the wires were stretched in very narrow 


tubes only I ram. lu diameter, so 



that (he layer of gas was very 
thin, and convection currents 
ceroid scarcely occur. 

317* Experiments of 
Magnus^—The first- notable 
investigation of the relative 
conductivities of ga^e-s was 
that published by Magnus :| 
m IttfiQ. The apparatus em¬ 
ployed is shown in Fig. 21 J p 
A and was similar to that already 
described in Art. 265- The 
investigation of the diather¬ 
mancy of gases, in fact, de¬ 
veloped out of the present 
inquiry concerning their con¬ 
ductivities. I he gjiA under 
o xa tii S iieit ion wa# con tainod 
in a very thin gkw vessel 
AB, which was 160 mm. high 
and 56 mm, wide. The 


. , *»« vessel C was fixed to 

AH by fusion, and contained water kept near the boiling point by :t 
current of steam, This formed the source of heat, and in order to 
compare the indications of the thermometer when different gam wen 
ii.-Hd, it wm necessary that the vessel AE dionld be kept in an 
™ d * Bmi M <?0llBtanl ^mture. For this purpose it was pfceed 

i [Th*~ \n lLl.i an J >],* frlloirln* Article e.dJ wt Uye WjJ 

hsyli, ritr ex ton w Mon product by ihc rrmre ifFIdcnl nLctftod» ij lc lra t 
Jay ore the JmM of nil hmt-in^uEiitor!< j |TeMHi 

. . «“'• is,r, ,„,l na. „ vil 
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inside a cv Under TQ t which was surrounded by d bath of water X^ t 
as shown in the figure. By this means the temperature of the tuner 
enclosure was kept constantly at lot. A thermometer ftj wits lirctl 
horizontally, atid protected by :i screen <>•< from the direct radiation 
of the source of heat above. In the earlier experiment* a cork 
screen was used, but it was afterwards found that one of polished 
metal (silvered copper-foil) was much more efficient as a protection. 
This arises from the fact that, the polished metal, although a better 
conductor than cork, is yet a much more feeble radiator and absorber. 
The following results giro an idea of the difference in ihe indication* 
of the thermometer when protected arid unprotected in this manner 
in air at the pressure of one atiuo.— 

f ork Sen*™ £ mm, Thkkr Two O&S^teW* * mm* ^ Hr^n, 

-iV L' 21 *'5 S!5 Tr £ 

When the steam is allowed to eater the vessel C ihe temperature 
indicated by the thermometer/;7 gradually rises, and in about half an 
hour becomes stationary—the time varying with the nature and pres¬ 
sure id the gas. This temperature depends on several circumstances, 
such as the conducting and radiating powers of the glass vessel Alt, on 
the thickness and radiating power of the screen, and dually on the 
conductivity of the gas, and more or less cm its diathermancy. The 
results of the experiments are, however, comparatively simple, \\ lieu 
ihe pressure uf the gas was reduced to Ki mm, or h L s>, the slat ionary 
temperature of the thermometer was sensibly the same for all gases, 
and differed little from the temperature in vacuo, denoting this 
latter by 100 (it was 11 ‘7 C. with a cork screeti 2 mm. thick, and 
7 s with a metal screen ] )* the corresponding numbers for the various 
gases at atmospheric pressure wore as follows:— 


Tli^x* 

SntnEiitci*. to i- bfi el-f r. 

„ , . Tfinr- 

j-__—--- 

Vacuum - * 

Air . ■ - m 

Oivk*u - - * , 

Hjdnwon ■ ■ '!*** 

Olfbollk iOLil . ■ 

i Curbuiiic ^ ^ 

PnMojdde of ritn^en , 

MamlvKlft , ■ 

OldUnt 

AmraoBik . 

Cyani^ei] . 

%5ul ]jliTiroTJJi add » - 


It appears from this table that the stationary temperature of the 
thermometer is higher in a vacuum than in any gas e*«pl hydrogen. 
T he heat, therefore, travels through all these gases (except hydrogen) 


i Tl* tompttfbw* wen counted tram that uf tie surround it.* medium, whkh 
w.m 15* Q- 
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with fuss facility than through a vacuum, Further, the temperature 
of the thermometer rises as the gases are more rarefied, except in the 
case of hydrogen, for here the opposite effect was exhibited, the tem¬ 
perature falling as the hydrogen became more rare. This has been 
supposed to demonstrate the true conductivity of hydrogen, srnd to 
prove that the other gases possess no appreciable conducting power. 
It is, however, evident from the results that the other gases exercised 
.jiiitc as decided mi effect ns hydrogen, but it. the opposite direction. 
r l he Only certain inference we seem able to make is that the flow of 
heat to the thermometer, or the heat-carrying power of the spice is 
increased by hydrogen and diminished by the other gun*, and there 
nrc no a prwri grounds for the supposition that hvdrogcn possesses 
a conducting power similar to metals more than any other ™, 

3JS. Absolute Conductivity of a Gas, -If a plane be imagined 
drawn through a mass of gag, then, according to the kinetic theory the 
molecule* arc continually crossing from one side to the other of this 
plane, and by tins process of interchange the properties of the gas 
tend to become equalised on both sides of the plane. Equalisation of 
temperature may thus be brought about by molecular diffusion and 
the transport of heat through a gas by conduction is merely the trans- 
]■?? ° ) inetK UI,W E>' b * v 'Secular diffusion. The absolute conduc¬ 
tivity of a gas nught then be defined as the quantity of heat or 
kinetic energy, transported per second through a hirer of the’ras 
cm. thick, I square till, area, and having l a difference of tem¬ 
perature between its feces, the transport being effected hy molecular 
motions alone and not by the motion of large portions of the .as, 
sm\h as l-iikfis pi am lit convection currents. 

To nu ik rondurthity of n g„ ij. im tk 

of ... cool,hj undo, condition, in which ,hc ejit, ,f coneoe” 
two currents are negligible. . 

Thu lino of iiivotigntion hat boon followed by Kundt nnd War- 

i“tr ¥ °‘T o' 1 !"" * i. ollowo.1 to cool in . 

r ' T “ by *"» "!■ “bluet ion, b ,„ tt , ^ 

.Inc .0 ,h, l*t« u con.pl.uly »„k«f b, .hot „ri.i„ B (ropn M “ 
vcc ,o„ current, unfau the ,, Wh f 

” ' hma *** * T 1 "" of convection JJS 

bceon,. Inunltblo, nnd tb, m , „f eooll„ g thD tllnMmr 

gtven — ^ until n .,o 8 o „f ™b„„«i„» fa 

renchei] »t wh eh . ire, p Mh ^ “ 

eotupi.red w.tb .h, dm.en.ion, uf ,h, .nolo,™.. Ttffa cun.Jf 

1 Kundl And Wartninr /w j,,. r > d . , . * 

Fhtttifut) tuI. v. 11. IlS 3 L V ' ttn ^ clv1 ' i Joumrti de 
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of the rate of cooling is iti accordance with the kinetic theory, from 
which it follows that the conductivity of a gas up to this limit is 
independent of the pressure. 

Kundt and Warbtirg operated with three different enclosure*, and 
found that with air the rate of cooling of the thermometer remained 
constant for pressures between 100 inm, and about 1 mm. t and for 
hydrogen between 150 nun. and about 9 mm. Within these limits 
the action of convection currants was therefore insensible, anil the 
observations lead to the conductivity of the gas when the cooling 
arising from direct radiation is determined. For tbia purpose the 
enclosure waa exhausted as completely as |JOCsihle after being 
thoroughly desiccated at a temperature of 200 C. In this state 
the rate of cooling was found to lie independent of the shape of the 
enclosure, which showed that the effect of conduction by the residual 
gas was Eiegligiblk, The radiation be mg thus known t the cooling 
produced by conduction was determined by difference. 

By this menus it was found that the conductivity of hydrogen 
was 71 times that of air, while the corresponding ratio for carbonic 
acid was 6 59,, The former agrees with the theoretic dedneiions of 
Maxwell, hut the latter is aijnsibly les* than the value iO L 7) obtained 
theoretically. The theoretic coefficient for carbonic ncid i*, however, 
unsatisfactory t as h depend* on the ratio of the two sjwicific heats, 
which varies, with the temperature, and the theory does not take this 
into account. - 

The estimation of the absolute value* of the conductivities 
required a knowledge of the thermal capacity of the thermometer, 
and, as this was not accurately determined, numerical results were 
not deduced. The value for air was, however, set down it 0 00001S 
in the C-G.S. system of units. 

Stefan s observed the cooling of a thermometer furnished with 
a double envelope of eopper and brass. The air between the two 
envelopes was thus heated by the interior and cooled by the exterior 
surface. The temperatures of these surfaces being known, and the rate 
of cooling being deter mined, the flow of heat through the layer of air 
can be deduced and the conductivity evaluated. The number found 
in this manner for air was 0 000056, which is 20,000 times less than 
that of copper* The dynamical theory led Maxwell to the number 
0 000055. Stefan also found that* in accordance with theory t the 
conductivity was independent of the pressure, and that the con¬ 
ductivity of hydrogen was seven times greater thin that of air. The 

1 Stefan, .SitiiiwjsWkhie der Wit^r MademU, voL Ixv. p 12 ; an d Jffunw/ 
di Phytique^ tuJn, ii- p. 147, 181#* 
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effect of radiation i*. however, neglected m the foregoing, and this 
renders the value of K somewhat too high. 

The value deduced by Wi&kdniann 1 was 0 000052, and the 
variation with temperature wins expressed by the formula— 

K = E^n -K 0 002?7tf), 

According to theory, however, the conductivity should vary as the 
square root of the absolute temperature, 2 and this result in itself is 
obvious, for under given circumstances the quantity of energy trans¬ 
ported across any stratum of the gas will he proportional to the 
average velocity of mashman, and, as we have already seen, this i, 
proportional to the square root of the absolute temperature. 


,l ' 1 U, T' >h l Iat lilC nrfl Spheres. ttIK l ,r JU |,j 
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CHAPTER VJII 


THERMODYNAMICS 

SECTION 1 

TIIK FIRST FUNDAMENTAL I'lllNOIPI* 

319. The First Law and the Energy Equation.—The modern 
h« tenet! of therm ody mimic* is based on two fundamental principles, 
both of which rdate to the conversion of h«nt into work. The first 
of these is the principle of cijuivEilence established by Joule, and is 
represented algebrakail}’ by the equation 

w = JH- 

This principle, which is known aa tin fird kit uf thermodynamic*, 
jisserts that when work is spent in producing heat, the quantity of 
work spent is directly proportional to the quantity uF heat generated, 
and conversely, that when heat is employed to do work a quantity 
of heat disappears which is the equivalent of the work dona This 
conception is derived from the dynamical theory, according to which 
hesit is regarded its a form of energy, and consequently, when work is 
done by thermal agencies, or heat generated by the expenditure of 
work, the quantity expended of either is the equivalent of the 
quantity generated of the other in accordance with the general 
principle of the corniervntion of energy. 

Let us now' consider the various departments in which a quantity 
of heat, when communicated to any body, may expend itself. In the 
first place, a i»rtion of it, but not necessarily all, may be employed 
in raising the temperature of the body. This portion istqicnt accord- 
ing to the dynamical theory in increasing that energy known ms the 
sensible heat of the body. The increase of temperature is in general 
accompanied by increase of volume, and as a consequence work will 1« 
expended in two departments. For if the body be subject to external 
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forces, work will be done by or against these forces while the volume 
is changing. This is ternsed the eternal vwrh For example, if tbe 
body be subject to a uni form pressure p T the work done against ibis 
external pressure during an expansion efr wall be jsJf. So also work will 
be done against internal forces, such as= molecular attractions; while 
the volume or state is changing, and the amount of [seat expended in 
the performance of this, internal ttwi as it is cad led, may be a con¬ 
siderable portion of tbe whole* Under tbe head internal work may 
u!po be placed tbe first-meat ionod increase of molecular energy or 
increase of sensible heat of the body. 

Thus if the internal energy of the body be denoted by U, and if 
this embraces both the kinetic and potential energies of lIic molecules* 
the beat supplied to the body will bo expended in two departments— 
erne in doing external work, and the other in altering the internal 
energy of the body 1 . Hence, if the external work done is <fW } and if 
the change of internal energy is 4V t when :t quantity of heat dQ is 
given to a body, we have 

dQ=4W+dW m 0) 

The symbol J being avoided by expressing cHJ in work units (ergs). 

I he quantity of iKut is regarded as positive when given to the 
IkhJv, and negative when taken from it Under those circumstance* 
the work iW must be regarded as positive when done by the body, 
and negative when done on k r in accordance w ith equation {l). When 
(lie external work is introduced by ordinary mechanical react ions, 
resistance to distortion, etc r| the expression for d\Y take? the usual 
form of stress multiplied by strain, but work may be done by a system 
in many other ways. For example, a liquid, in altering the area of 
\U surface, is subject to capillary forces, and if T denotes the surface 
tension, and an element of surface, the expression for rfW in this 
case is 1 dS. So also work may be done In consequence of electric or 
magnetic forces when electrified or magnetised matter is moved from 
places of lower to places of higher potential* Thus, if a quantity dq 
of electricity is moved from a place of aero potential to a place at 
potential V t the expression for dW is Ydq. If, however, energy be 
given lo external ayrtom* only by work done against a uniform 
normal procure p, then dlA == pdf, and the energy equation becomes 

[Pn.r. W. M-F. Orr h;» uugg^ted the following nUtetaaftt 0 f th. fi»t lair. 
" If * n w* 1 *"™*®J of o j*r»twn*, it. m toch that th, initial 

itateand ih" final >UU ami tint vime, the total amount ofheat taken in, .l«br»ia»llT, 
in thncjcl,- by the sy.teo, ftam external bodi*. n proposal te th. .mount of 
Wl ,rk donr {algebraically, by tfw nyiteni on external bodies/- Hu, rootage of 
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this farm erf statement ii that the {legibility trf wnrk being gained or loai dwLh# to 
n chunks in the interim! eimJ-gV of tho system is ulLltiitULted (*0* Art $2$)* It njtyht 
be added that if energy (not work) in suy other farm tlialt heat enters or Ifivfti the 
System, it mmt bo redboned in terms or beat energy,] 

S20. Remarks on the Energy Equation—Cyclic Transformations, 

— In genera] for every substance there is some characteristic equation 
connecting the volume, pressure* and temperature, go that when any 
two of these quantities are known* the third is completely determined* 
For this reason, when the condition of a substance is represented 
graphically, as in Art, G7 T the pressure and volume being known, 
the temperature corresponding to any point A (Fig. 212) becomes 
determinate, and the state represented by the point U unique. 1 Hence 
we may assume that the Internal energy U t which appears in the 
energy equation, is completely y 
determined for any stale by the co- ni 

ordinates of the point which repre¬ 
sents that state in the diagram. 

This te expressed by saying that 
the internal energy V correspond¬ 
ing to any state A is a function of w A ' H ' 

the coordinates which define the 

state, and Liousequontly the change of internal energy in [Nixing from 
any state A to another state B will depend only on the points A and R 
and in no way on the nature of the transformation by which the body 
may pass from A to B + In other words, if a substance bo brought 
from any state A to any other state B, through any series of trims 
formations represented by the path AMR the change of internal energy 
depends only on the co-ordinates of A and B, being independent of the 
nature of tbe path A MB. The assumption made here is merely that 
if a body, after passing through any series of transformations, be 
brought back again to its initial condition, its internal energy wilt 
he the same at she end of tho cycle as at the beginning, whether it 
returns to its initial condition by the same path, AMB, ile it set out, 
or by a different, ANB, This amounts to saying that U at any point 
is a single valued function of the co-ordinates of the point, or that 
r/L7 is a ptrftct diffarentitil, 

t)n the other hand p the external work done during any transforma¬ 
tion depends not only on the initial and final conditions of the sub¬ 
stance, but also on the nature of the intermediate operations. For, 

1 An ojiibLyaiiy itriics when more than nne v*lui? of the temperature euu exist 
fat thi- ^-ame valm-x nf 1 Hi 1 pn^atire nml li ti■ i • h >** iho hi the rav uf * liquid nud 
Its Mltnraletl Va|N>ar, the is » fiiturtfaia nf lla- tffiujHrmttLra Jifane, and the 

¥clume within certain limits Is independent of both. 
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hb has been shown (Art, 67) t the external work performed in passing 
from the stale A to the state R along the path AMR is represented 
by the area AM BP A\ so that the external work is not known unless 
the shape of l he curve AMR t or the relation connecting the volume 
and pressure throughout the transformation, is known. In other 
words, W is riot determined by the initial and final co-ordinates, and 
rt\\ is not it ptrftrf flifftrmtiaL The w ork ilone during any trimsforma¬ 
tion depend# on the nature of the transformation from beginning to 
end, and in order to estimate it we require not only a knowledge of 
the in it ell I ami final states, but also some Biibiddiary relation, such as 
/(j> h i>} = 0 5 connecting the volume and pressure throughout the trans¬ 
formation. 

It thus appears that the quantity of hos.t supplied to a body in 
parsing from the state A to the state B depends on the nature of the 
transformation by which n ls brought front A to B as well as on the 
posit ions of these points. This quantity of heat consequently cannot 
ho expressed, like the internal energy, in tonus of the co-ordinates of 
A and B, but requires a knowledge of the subaidiary relation f(p t r) = 0. 
that fs the shape of the path AMR. Hence rflj is not o pztfrrt ttiffw- 
rutah. In i]lo language of the differential calculus tliis is expressed 
by raying that, in the case of the internal energy U f we have 

dy / rfy \ ds /_ ~~ 

Tihere x and y (ire the independent variables chosen to determine the 
condition of the body. Kilt in the case of the qtmidaty of heat 4^, we 
have 

dx\dy J dy\dx J < ' 

According in the calorie theory, however, which regarded heat as 
indestructible, the quantity of heat supplied to a body in passing from 
,i.y state A to any other state K must depend only on the initial and 
litml stales, and not on tbc nature of the mtermedtata transformatioos. 
According to this theory, then, ,/Q would he a perfect differentisl, sod 
the external worli would be derived from the heat, not by using „n an 
equivalent quantity of it, but hy transferring it, unaltered in quantity, 
from bodies of higher u. bodies of lower temperatures, in a manner 
somewhat analogous to lbs way in which work is obtained b v allowing 
water to descend from places nf higher to place*, of lower |Jvc| 

The Uot that r/Q is not a perfect differential according to the 
dynamical thewy arises therefore from the principle of equivalence 
according to which, when any substance pww, through a r ,r cycle of 
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aiivforiiJiKiuriii, hii amount of heat disappears which is the equivalent 
of the work done, mu] if the substance be brought back to its initial 
condition after passing through h complete cycle of transformation , n 
quantity of heat represented by the arc.'* of the cede is destroyed, or 
generated, according to the direction in which ’the cvcle \* 
through* 1 

321. Integrating 1 Factor of the Energy Equation. — If j- *nd v 

l>e any two independent variables which determine the condition of a 
body, it follows that «fQ may be expressed ill the form 


</<l=J£Af-t.Y(iy.Qj 

where X and Y are each functions of / mid y ; but since dQ y, not it 
perfect differential, dX/Wy will not be equal to </Y <h. The left-hand 
side of this equation tuny, however, be made at. exact differential by 
multiplying it by !l factor p, which is some function of r and v. The 
quantity pi Q will then be a perfect differential, and wo shall comse 
q neatly huve 


f>r 




an equation which evprwses the integrating factor h in terms of X 
and V* 

flit? relation between X and V may be deduced by comparing (I) 
with the energy equation. For mnee U and Ware suppose! express 
ihle in term* of r and & we have 

~"|dx +- 1 nd dW = X Wx + YV^y* 

But by the energy equation we have 


mid therefore 


' iQ= (£ T+r )* + (Jy r + V )^- 


V-^H+V' ahf l v_^ . v r 
X ~d*+ X ' 


Hcnee r arnce rfC a perfect differential, it follows that wu must 


have 


or 


*( v - v 'H( j -4 

■nr dx^dr ar 

tfx d$ dx rfy' 


Iei the particular case when the only external force is a uniform 
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normal prcssnins j? T and in which the independent variables which 
determine the condition of the body lire p and r, we have 

r^ri a Jj/fl -I- 

where L is the heat of dilatation or the qmmtity of heat absorbed by 
i ho body under constant pressure, while its volume changes by unity, 
ami J1 is the quantity of heat required to change the pressure bv 
unity when the volume is kept constant. Henca if p is the integrating 
factor 

.<# 

Tint by the energy equation 


Therefore 




h =f^' «**-§■ 


H^nce, since V is s perfect differentia], we have 


ftp rift? 


as the relation between L ami *M. 

IVing this result equation (2) become* 


m 




which erpre^ses p in terms of L and AL 

COH. In the case of a perfect gaa an integrating factor fa the 
reciprocal of the temperature t) measured from the zero of the perfect 
fi“ thermometer. For in the cane of a perfect gm the energy equation 
h (Art 155) J 


Therefore 


>fQ= C/ftf 


and the right-hand member of this equation ia obviouslr an Mac t 
differential. Hence (IQ 0 is a perfect differential. 


Examples 

1 . If there ilNH Integrating factor of ,fy, »li OW t h»t tbw are an 

tiuvnbcr, 

y i* an intogrmLiug factor &f dQ r then 


Infinite 


HQ d* r 


m 


MOMqnuitlj 


Afir. m THE KtEST FUNDAMENTAL PRINCIPLE 

But if* tw any function of Wfl have 

ira that l\w he Lor ?/*($} nltto fender* tfQ * |>crf£et difftminl La].] 

Denoting the apenifrr heats at eansimtil proton and constant volume by V. 
rttnl a rcHp^ti^c]^ pro** tlwt Sit dynamical units 

c,= (!»■); * nri (S), +?f (S)/ 

flS»M LT WBptetilj detemhwd by the variebka r mid i k w* Uv* 

-o KS)j* + ( 2 )/*+** 

HhHdS> el> in othwwiM ri iwfly ohrimui, 

(S)»<^(g), 

and similarly by taking p ami a* independent variably we obtain the momn\ 
relation. * 

I Cl Like «M of a U ti & fanct HJ3i of 0 alone, and hone* 


(sm-*. 


*o that the jtramd relit ion Ireame* C p - C. .. H_ f 

A gas changes lb volume from r 3 to t v at tods tut t-rmpiTBtiire* hud tin? 
■ [iLiEilily of heal absorbed. 

(Since the ti CDi- ratcLrc U '‘uijaCjuiL the energy equation = C/W4j*U- becomes 


lienee the in it abjorkrd i- (in dyiinliiirnL units: 

* Q = U<5 log 

F total i]jU nlfttipn it follows that if tin? iantherma] changes of a gg* u>« sneU that 
tlu< qunndtiitft of Sieat ikarM or evolved foraiL mi ntitbxuetki] progressinn, the 
corresponding (dmngc* of volume form * geometrical prDgiwiqnJ 
Tha above w| nation may also i< written 111 the forni 

Q= P ,r, JasfrJ^k 

SO that if tIlia refer* inn to Unit 111 aefl of the gaa, bnt to tlmt <|i:miEity which assumes 
O volume under ft jurr-vium tin- miuntion Wfrtainfl nothing depending on the 
nature of the gas. Tb is *}U*tfcn wu emp]oyed by J i mlc in one of h in determ itaatioos 
ofJ.J 

-S. Determine the work done when ft gas ia campfttttid idbbafcfaftUy from 

Pi *1 to Pb*T 
■| We have 


* This rmuh was arrival m by Carnot, JMinr /Vjiwt o/ /iVrrf, p. &] i English 

edition. 
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5 Hnrt* Ui U tin area* i winded b*twe*n the *di*Wi» line* or a ■ g» »«<| 

lh8 mbs of volume ill* equal ir measured from the pints where ttiey ere intersected 

liv an v i&DlhtTTD^L _ ■ 

‘ fThi- follow Irom the F H>prty ih*i the internal *s*rgy «r a gu !* * 

fululion ol the temperature only.) , , , 

e. If H it integrating factor of dQ* ^ taken r&unl1 * n 7 c1mw1 ej ' clL ' 

jMQ=0- 


j Siae# tl ,fQ it fellow ft that the value or the integral token alnng airy cum* 
joining two polnti ftp, and y.,*. is simply flV, ^ where * » the value of <p at ft#,t 
and A, Us value at When the eyelc U closed ^ I 

7, If a substance h:v attained its minimum density under a given pressure, |srov.- 
tint'tile tangent plane to the characteristic surface at the corresponding pint is 
parallel to the aicti of temperature. 

]H the aharacteriatio c-jHatfcu be/tp, r, D) = 0, then under constant preSsUtr are 


hive 


tff rif ii'- 

d&*dv40 


0 r 


Hut if the density is a mtt&3ii»«fitf<W=0; therefor* at the corresponding puhalwe 
have d/!M - 0, wlilch was to b* proved. 

The ]ocHi of these 1^3 nt> iiS * tune on tliB cb*Di«-teritL|]c buriurc which uhviu llliy 
divides it into two part*, inch that the projcrtiMi of pub on the pliUbB jre la ttiE 
rtnwJte that & F th? other- Bence it follow* that every'curve on the charictcfUtk 
snrfiKe which cut* this locttt prejecu on Ih* plimepeiiito a curve touching tha pro- 
jertien of tbfl lccuip Aiv\ conleqtJlelitly two cUTYefl which intersect on it project into 
iwd which touch e*ch ether, 5 


SECTION n 


Til K KKCOtfJ? S L .M'AiH STAL rREKClPLE 

322* The Work of Sadi CarnoL—At the time when Sndi Carnot 
wrote Ilia celebrated esauy (1B£4) on "The Motive Power \d 1 

the work** of Rum ford and Davy Imd been completed, and tHe uudti- 
Istory theory of light was regarded as established by weighty argu¬ 
ments in every department, yet the caloric theory of heat aiill held 
its? ground, and the scientific world remained lo be converted to the 
new doctrine* The introduction of the steam-engine, and the great 
industrial revolution which accompanied it, attracted attention to the 
manner iii which work may he produced by heat ' t and it waft in seek¬ 
ing to discover the general law* which govern the action of hern- 
engine*, that Carnot was led to some of those farm* of ie;i*oning 
which are still continually employed in the dynamical theory. 

Before the time of Carnot no relation seems to have been suspected 
between the work performed by a steam-engine and the heat drawn 
from the furnace. Iri necking to establish this relation Carnot based 
hie work on the doctrine of the conservation of energy, or the impossi¬ 
bility of perpetual motion : *nd although in conjunction with this he 
espoused the doctrine of the conservation of calorie, yei in much of 
hin work the latter i* not essentia], and many of his conclusions remain 
true on any theory and require but little nullification to adapt them 
to the dynamical theory. It K beaidca, in tlairt work that we find 
the first examples of cyclic operations in which a working mb- 
stance, after [Hissing through any series of transformation, is brought 
back again to its initial condition ; and it is only for such a cycle, 
Carnot informs us. that we are emit led to reason upon the relation 
(nitweeii the external work done and the heat employed in its 
production. 

In fact* a* we have already men lion ed p if a substance ltc allowed to 

l .H*ili Carn&tt Jh tf fapmtminc* muiri&du fturt ji tr U* m&yw yropret 

Jf i ,j jfc'Tffa/ytf by H- n. Thiaiwfcosn 1SSW3. London, : Hurmllkn and Co.). 
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expand, doing external work, it is not legitimate to assert thflt the 
lifiiit s|>e[!t is the equivalent of tile work done unless the substance in 
its final state is in exactly the same condition as at the beginning; 
but when the substance has been brought back to its initial state, we 
are entitled to assert that, on the whole, it has neither lost nor gained 
energy, and we aru then in a position to reason upon the external 
processes that have taken place, and to determine the condition of 
equivalence among them* 

Besides this conception of complete cycles* the other grand idea 
introduced by Carnot wtts the principle of reversibility— namely*that 
by the expenditure of an equal quantity of work the heat nmy lie 
taken from the condenser and restored again to the source. 

In spite of his adoption of the caloric theory, 1 Carnot seems to 
have been by no means confident of its truth, and in his Inter writing* 
{which unfortunately remained unpublished until recent times) he 
showed that he was thoroughly convinced that it was false, he not 
only espoused the dynamical theory* but also planned several experi¬ 
ment* to determine i he equivalent relation between heat and work. 
Hud deduced a value of thar equivalent probably from the very data 
employed by Mayer in 1842. That Carnot was finally convinced of 
the truth of the dynamical theory* and that he had also conceived (he 
great principle of the conservation {if energy in its general form* i* 
distinctly proved by the following pnssages taken from hi* notes, 
written when the wave theory of light bad just triumphed :— 

11 M prtfcUkt light ia geuttfully regard'd ns & vibratory motion of the ethereal 
(luuL Light prudm ei- hast, W at Ivast accom parting tlto radiating IiotiI, iieuI moves 
with the sami velocity h^at. Radiating heat is th<m t vibratory inoveim nt. It 
^4 mid k ridiculous to SLtpjnj:^ that it is sin fiush* : l< ' u of matter wliih 1 ifii; li^ht whirii 
t( con-H Iwi only a movement. 

11 Caultl a motion (that H.f sadialing heat) [f«ln^ matter (ealoduj 1 

14 So, nndaubtedly ; il e*B only produce a motion, Heal ia then the result of a 

motion. 

Li lx i.i llicti plnin that i I could be produced by the consumption of motive wyypr, 
:iud that it could product? this power, 

°Hcrtt i* simply motive power T or rattier motion which liaa riiaisgiMl form. It 
js U movement among the partiria* njf bodim Wherever there U a destruction of 
motb'ti power* there in at I he same tittle pfoduetEoja oHieal in quantity esJM-tly pro- 
portion*! to thn quantity of motive pGWi’rdestroycd* Reciprocally whenever there 
is destruction of heal, there ii production of motive power. 

*■ Wc cm then establish I be genera! pfifpnritbm that motive power in in quantity 


1 It is interring to nolo that of the two principles adopted by Caraol, vte, the 
Impossibility or |Nr-rtLi ilI motion m*\ the consr-mmr.n of mEorie, the former vns by 
no im-AUS genertlly m-rived At tKe time, wink the latter ivaa generally iVItiiitr- «J s* 
true. At- present lh< former U nnivi-rsadly admitted an true, while the latter ia ;l- 
genfliaby b#Bef«l if* be fabe. 
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i n v4riiible Lit nature—tW ix Lh, n^-akira^ n*y*r eulirr [irwlucvd vt 

destroy od k 1 1 [* trike tJml it dirngKi ionu -thm S-h. it pr^lurr-. ^mH-tiiiict gne sort 
□f motion^ tomotuuifl anuiltcT, but it is ni i vcr Annihilated." 

These words prove that gome time before his dentil (in 1832) 
he was not only convinced of the truth of the dynamical theory of 
heat, but that ho hud also grasjjed the law tsf conservation of energy 
in its widest form.. iL Motive power*" lie says, p is in quantity in¬ 
variable in nature; it 3*, correctly speakings never either produced 
ur destroyed^ 

Working on the caloric theory, however, he pustulated that in the 
hi earn-engine and other heat engines the work is performed nol by 
an actual consumption of calorie,, w r hich was opposed to the doctrine 
of the materiality of heat, hoi 14 to its transportation from a hot body 
to n cold body/ 1 Tims by the iM of boat from it higher lo a lower 
temperature he supjxjsed work to be dune in a manner in some way 
analogous to that in which work i* obtained by allowing water to fall 
from a higher to a lower level, lo the latter case the quantity of wilier 
which reaches the lower level U the same m that which leave* the 
higher; noma of the water U destroyed in performing any work which 
it may be employed to do. It is she motion acquired in falling that 
is list'd up in doing work. The work derived from a heat-engine w as 
supposed to be produced in a somewhat similar manner, the quantity 
which reached the condenser being supposed the same ns tlmt which 
left the source, dims the work was done by the caloric in flowing 
from a hot to a cold body, and in doing the work it was supposed, 
like the water, to be wholly' or partialJy brought to rest. Thin Carnot 
sfieaks of as " there-entablishment of equilibrium in the caloric. 11 

One of the chief point-S however, is the recognition by Car not of 
the necessity in all engines by which work is continuously derived 
from thermal agencies, of two bodies at different temperatures, than is 
a source arid a condenser, or the passage of heat from one Wly to 
another at a lower temperature. 

323, Carnot's Cycle.' —Carnot's work failed to attract attention 
until tun years after its publication, when it was brought into 
prominence by Clapcyron* 1 who cleared up most of what remain .ml 
obscure in Carnot's reasoning, and exhibited ii in a more elegant form 
bv representing the various transformation* geometrically by means 
ol indicator diagrams. The cycle which Carnot supposed bis working 
substance to travente when geometrically represented constats of a 
four-sided figure* ABCD (Fig, 213) bounded on two opposite sides, 

1 CLdptfyrou, JmfiKt! tit r&ok tern. xiv., 1834. TmnsiLiled in 

T*yl« K a litmus, \*n ill. 
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AD and BC, by isothermal line*, and on the? remaining pair by 
adiabatic tinea. 

The working substance is taken in the state represented by the 

point A, and being contained in a nan* 
conducting vessel, is allowed to expand 
adiabEitically— that is t without thermal 
communication with other bodies-—until 
it reaches the state B. Daring this 
operation external work, represented 
by the area ABB A", is done by the 
substance, and its temperature falls 
item & to tf r . The next operation is 
an isothermal compression along the 
curve BC to some arbitrary point Cl 
During this stage work represented 
by Hie area BCCB is done on the 
substance, and as the temperature is supposed to \tQ. kept constant, 
the heat developed hy the compression must be removed as fast, as 
it is generated. Lot Hie quantity chu? removed be {} . The third 
□iteration is an adiabatic compression of the substance from 1' to D 



Ffc. tn. 


until the substance regains its original temperature d, so that 1) is on 
the isothermal line which passes through A, During this operation, 
work, represented by the area CDITD', has been done on the substance 
while its temperature has been raised from to Thn fourth ami 
Ijist operation is the isothermal expansion of the substance from D to 
the starting-point A. During this transformation the substance 
expands, doing external work represented by the area DAAD', while 
in order to keep its temperature constant a quantity of heat tj must 
be absorbed from some external source. This quantity, if no 
hypothesis b© made concerning the nature of heat, may be cither 
equal to or different from the quantity O' evolved by the substance 
during the isothermal compression BC. 

If the calorie theory l>e admitted, then y must k’equal to Q P r and 
regarding the cycle aa a whole, an amount of work represented by the 
area DABB'D' has been done by the substance, while DCBBTT has 
been done on it, leaving n balance represented by the area of the 
figure A BCD as the work gained during the cycle. 

So far the whole process is independent of any theory of heat, 1 and 
1 TTi^vl-N d her* i. virtually th*t give,, m Carnot in hiscrigfaul way. 

He b*Vpn B il with ihn AB, an.] tt-nuiutre with thv Uothcnw] 

V>A Ai mnully ii wimlil *|qM*r as if Car ml'* account rtjquir^d eorr*e ti & n 

■n<l modifiimtiott to ithqU ii t* tho dymiuie*l theory. The cyel* tE*scritad ly 
Cartaot Bindepocdflot of .11 theory ; i,a nwmly dmitai a mria uf tnwromutuw 
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must stand intact whatever theory ho adopted. The substance ha* 
■simply pa^od through u cycle of operations, and has now returned to 
Its initial condition. If Q = Q\ jlt Carnot taught, the work has besn 
obtained 9 imply by the How of a quantity fj of heat from a temperature 
d to a lower ternperatiire tf. If ? 011 the other hand, the dynamical 
theory be adopted, a quantity of heat, equivalent to the work in¬ 
formed during the cycle, must have disappeared, Ira other words, t x i 
is greater than Q\ and the difference Q Ljj ha» been converted 
into work represented by the area of the cycle. This conehirion is 
iri strict accord with all experimental investigallon, and the direct 
verification in ihe ease of the steam-engine has been already noticed 
(p. 45) + 

In order io realise each a cycle it would be necessary to enclose 
the working substance, say a ga* T in a non-conducting cylinder fitted 
with a non conducting piston and a perfectly-condueting bottom. We 
must also be provided with two bodies which can 3 k) nut hint mud at 
constant temperatures *1 and if. 

In the first operation the cylinder must be placed on a noncon¬ 
ducting sup] tori., and the an 1 Glance, supposed to he initially al the 
temperature W, is allowed to expand without or gain of ln-at until 
its temperature falls to tf. The cylinder is then removed from the 
support and placed with its conducting bottom in contact with the 
body at temperature 0\ The second operation h now commenced, 
and the substance is compressed while ks temperature is maintained 
constantly at ff m 

In any actual operation, of course, the temperature of the working 
substance would exceed that of the body to which it yields its heat, 
but by compressing very a lowly this difference can Iks made as small 
as we please. Again, the working substance is supposed to yield 
its heat to a body constantly at the same temperature and this 
would require the body to have an infinite capacity for heat, or else 
to he maintained in some way constantly at. the same temperature tf 
by internal or external t ransfomiulions. The second transformation 
of the cycle is consequently like the finst, only an ideal limit which 
may be approached but not attained in practice. This* however, 
will not invalidate the adoption of auch a cycle in our reasoning 

through which tht wartiajf subaUm« i»hm* It in the nbaeqn^nt deduct ban, 
foUt ,d«i ^ »mc pcutuliitis Ri tc tlir* manner in which work i- ebtiined from hsni, 
that the theory oomei Liu The ccartcHons to Carnot'* work Introduced by Jaijimi 
T fimUKa nmsj Mixvdl are consequently no 1 Only ttnttMsisaarj* but ore ,m iajujtiefr 
w the filustriotu JiHthor of Th* M*>tiw Pfrwxr 0/ Hml, iili| no douU ihvy Wete 
| pr ..^yf W il 4 t a lime whsis CfcMotf* work vu learned by r^-orl ritbr ihrm by 
consultation of the original. 
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concerning lieait-enginm, Jt merely furnishes ns with an ideal type 
to which we can only approximate in practice. 

The third operation i* conducted like the first by placing I ho 
cylinder on the non-conducting stand and compressing until the 
original temperature is regained, The cylinder is then placed in 
contact with the other body or source of heat at temperature 0* and 
the working substance is rdlowed to expand while heat is supplied to 
it as required in order to keep its temperature constant. 

The characteristic of the cycle, which must be carefully kept in 
view in order that it may he reversible, is that the working substance 
parts with heat to, and takes in heat front, bodies at the same tem¬ 
perature as itself. There is no passage of heat by conduction from 
one body to another at a lower temperature. The transference of 
heat between the working substance and any other body is such that 
this substance and the body in question are at the same temperature 
while the transference is taking place. 

Further, all the heat absorbed by the working substance is taken 
in at one temperature and all the heat given out is ejected at another. 
There arc thus only two temperatures involved* and this renders the 
cycle the simplest possible representation of a heat-engine, just ns 
the simplest representation of an engine worked by water power 
would he the case in which the water is all received at one level and 
all ejected at another—for example, ihe case of a water wheel in 
which there is no leakage. 

An examination of the foregoing cycle shows that it is reversibk— 
that is, if the working substance be made to traverse it in the opposite 
direction, the operations will be all repeated in the inverse order and 
opposite sense. Thus a quantity of heat Q will be evoked at fci by 
the working substance in jjassing from A to D* and a quantity Q F will 
be absorbed at hi parsing from C to B, while during the complete 
cycle an amount of work represented by the area of the cycle h done 
on the substance, Tn other words, by the cxj.tiudiLiire of work a 
quantity of heat is taken in at the lower temjmratTire and another 
quantity is evolved at a higher temperature $ t or heat is transported 
from a cold body to a hot body by the expenditure of work* just he 
water may be transported from n low level to a higher. 

The process by which heal is converted into work is said to be 
reversible when the series of change* can he performed in the reverse 
order, the forces remaining the same, but the velocities being of opposite 
sign- The first condition of reversibility, of course, is the possibility 
of causing the substance lo pass back again from its final iq its initial 
state successively, and in the reverse order through all the stages passed 
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through in Lite direct process. A rtrrrxtfde engirt? is one in which the 
working substance ptssra through a reversible eyrie. When ir is not 
possible to rciJeat the transformations in the ravorsfl order, or when 
reversed if the forces sire not equnl in magnitndo to those which occur 
at the same point in I he direct process, the transformation is said to 
he irrtFtrsilfiz. 

324. Effleieney of a Reversible Engine—CarnpCs Theorem. U 

we «lcline the efficiency oi u heat-engine as ihe ratio of iho quantity 
of work W done during a complete cycle tu the quantity of heart Q 
drawn from the source, we can easily show that the efficiency of ell 
reversible engines must be the same, and that this is the major 
limit to the efficiency of any engine. Tn other wurrla, no engine can 
be constructed having an efficiency greater than that of a reversible 
engine. For let us suppose that it is powiblo to construct an engine 
H, which has a greater efficiency than a given reversible engine A. 
Then if A draws a quantity y of heat from the source, and performs 
an amount of work W during each stroke of the piston, it will 
restore a quantity Q of heal to the source when worked lisek ward* 
by the expenditure of a q ill inky of work W, tine* if. in Huppoacd 
reversible. Now let the engine U draw a quantity y of heat from 
the source during each stroke (this can Ire marie the same as the 
quail tit} 4 drawn by A hy simply altering the quantity of working 
substance in the cylinder)* and let this engine |>erfonii K if possible, 
a quantity of work W >W. Then 3 may be employed to drive 
A backward*, and in addition we shall have a quantity of work 
W r -W at our disposal, which can be employed in any manner 
Now li draws y from the source, and A, being worked backwards, 
restores Q to it, Consequently the compound engine, coonsting of 
A and B working together, furnishes us with a quantity of work 
\y f _ AV at every stroke, while no heat is drawn from the source. 
According to the caloric theory, the body nt lower temperature, 
that w 7 the condenser, will also be unaffected, so that we have an 
engine which would supply us constantly with work without com¬ 
pensation of any kind—that i.% we have perpetual motion. In this 
manner, by assuming the im possibility of perpetmal motion, Carnot 
proved that no engine am have a greater efficiency than a reversible 
engine. ThU, then, is the major limit to the efficiency of any heal- 
eiiguiCj and It follows a* a corollary that no reversible engine can have 
a greater efficiency than any other reversible engine j or, an other 
wordri, all reversible engines working between the same limits of 
temperature must have the sam* efficiency, 1 

a It In by no iu«ui0< however, evidcai a prwri that the affidswy of a reveimibl* 
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The same: result holds also according to the dynamical theory, 
when u suitable hypothesis is nuuio concerning the condition* under 
which wort may lie derived from heat. Carnot s hypothesis was, 
u we have already seen, that work is obtained by simply letting 
heat pass, unaltered in quantity, from a hot body to & cold body. 
The corresponding hypothesis necessary under the dynamical theory is 
easily deduced, and was arrived at almost simultaneously by Clausius 
and bool Kelvin in slightly different hut equivalent forms. 

Thus, as before, let us suppose that an engine 1! is more efficient 
than some reversible engine A, and let B work A backwards. Then, 
according to the dynamical theory, the quantity which either draws 
bom the source, when working direct, exceeds that which it yields 
to the condenser by an amount which is the equivalent of the work 
done during the cyele. Hence, if A and B be so constructed, by 
suitably arranging the quantity of the working substance, that they 
draw the sun quantity of heat from the source during each stroke 
of the piston, then if H does more work than A, it must yield less 
boat to the condenser, so that when A and B are coupled up {A 
working backwards) the source will remain unaffected, hut A will 
draw more heat from the condo Him than ft yields to it. There will 
thus be a quantity of work AY'—TV derivable from the compound 
engine and a corresponding withdrawal of heat from the condenser. 
This amounts to obtaining work continuously by using up the heat 
of the colder of two bodies. That this is impossible w;ia the form 
in which Lord Kelvin stated the hypothesis. In other words, this 
hypothesis asserts that the manner in which work is derived from heat 
is by using up the heat of the hotter of two bodies, a quantity tj 
being drawn from this body, and in part converted into work, while 
the remainder is yielded to the colder body. 

It is not, however, a priori evident that work cannot be derived 
by using op the heat of n single body, or by using up the heat of the 
coldest of a system of bodies. That all engine* which have been con- 


engine should tm iadtpendent of the nature of the working nub*tan™. Tims ether 
boil* at as', end U» temioa of ibi va|<mr at W Is equal to that or water at ISO - 
«},ib to |w°dnce a grnmme of ether vapour requires fiv ( times lets heat than a 
grannie ««er vapour, therein, other at the expense u f muoh Urn heat r,| RCM a 
rar greater ]*CU11» at the diiposaj of the workman. What ecmpensatiui, dwx 
water Offer ? Carnot -as ratt^l to assert that any incomplete nom,«nB,tmn wmJ [,j 
involve the laB.tbility of perpetual motion, Wittmnt entering into . r«ll dbcumi.il 
of the question, »« may stole that complex »niponwtkn lo. s take piae. ,|.at 
although « Uincl. greater pressure for the same sxj* n .iltq„. of heat U ohtaiued with 
ettier Vapour, yet more work cannot he obtained, for Oork requires exn.naioo 
ood this ptwlncta cooling ami consequent wndeuttHon, w (tat in thi* .L,-" 
ih e Comp a awlioft J* effect^ K w 
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strutted to work in complete cycles do work by using up the heat 
of the hotter body, or source, is tnia' but if At Buy time we should 
obtain the means of dealing with the molecule imlLv iilii^lly T and not 
as now in the aggregate, It i.^ not impossible that all the molecular 
motion of a single body should Ik- used up in doing work, or be 
transferred to another body* m that work might be obtained by 
using the heal of ll single body or of the coldest body of a system, 
or all the heat of one body might be transferred to another at a higher 
temperature. 

Another method of regarding the question leads to (lie form in 
which the hypothesis was dialed by Clausing. Thus wo have scon 
t hat i i l Can i ot V cycle w□ rk esi 11 be |ler f orined by r 1 raw lug 3 Leat f rod » 
a source and giving at Hie game time heal lo the condenser, the latter 
quantity being related to i he former by some hypothesis concerning 
the nature of heat. So in the reverse process by she performance 
of work he At may be drawn from the condenser and restores! to the 
source. 

Hence, if we employ the excess W — W of work furnished by 
the engines A and B, when working as already ind icuted, to drive 
another engine working in the reverse maimer I at ween the mhiv 
source and refrigerator^ this third engine will transfer heat from 
the colder body to the warmer—that k, on the whole, without the 
expenditure of any work the beat could, be continually transferred 
from the colder to the warmer of two bodies. if thin be admitted a* 
impossible, the second fundamental principle may Ire «toted in either 
of the following forms for a cyclic proems. 

( *It is impossible for a self-acting machine, unaided by any s*- ( hh| 
external agency, to convey heat from one body to another at a ]afli 
Idgfaer temperature, or heat cannot of itself (that is without com¬ 
pel mat ion) pas* from a colder to a warmer body Tt (Clausius), 

The equivalent statement by Lord Kelvin is that ' s it k Impossible 
by moans of inanimate material agency to derive mechanical effect 
from any portion of matter by cooling it below the temperature of the 
coldest of surrounding objects.” 

In uinking these statements it must Imj remembered tbit they 
applv onlv to the continued performance of useful work—that is, to 
engines working in complete cycles. ithout this limitation, it 
might ho objected, for example, that, work could Ihj derived from a 
highly compressed gas by dimply allowing it to expand, 1 hiring the 
ox|kansion It would do work against external pressure, this work 
would be derived from the heat of the gfts alone, no ctmdenser 
|>eing required, Slid the substance might be thus cooled much below 
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the temperature of the surrounding bodies. If, however, u com 
plctc cycle 1>e iierfortiied + sq that the eiibmmo h left in Its initial 
condition, then the principle applies in either of the forms given 
above. 

[Tbfi Mowing two modoa of elating thr l&w Ijmvd hum sugg^fltod by 

Prof. W. M h F. Urr. They nre c^uivAlent to Lord Kelvin's ant| Cjan^iuji,' fbnn-i 
rtifujctivcly, but «e mvm |irtwUk\ 

(1) “ If ± aysUni intnrttangctf beat with riterdd bodies til tnw ujjj L rjwd tsmpe/tf- 
turt only, then it i mjKMsiblo tint v-i w ti&lf it ^zLoisSri, on the whole, riveive Lent 
Iruru txEeroil bodies, incj (m a necessary oonse^neBei' by tbo linst law), on the 
whoJo, do wort on ri Lerniil boding, 

(2) r.f a system undergoes any cycle t>r pravra&eg LB which th* LoLuI amount of 
work done on it fa mlgtbmiciLHy j.b ro (the statement iw nlso Erne if it is o.-gativeh 
sitd if it iutercbungw buat with citsriud bodies at two flisignai |«‘ratniNna orsly, 
then It is i[[LjHQssLbli]- that, im the whale, it should receive boat at the lower 
temperam™, and (as a i»B-cipLcace by the first law) give out h»&»tthe high** 
tom pentim:, "* 

It« easy to prove that if either of these to true, the Ollier must be true alto, 
further, these statements wit] be fennel most conveuieut in n l a]c 3 11 ^ epplieutioilB of 
the seeoiul Ian- or in discussing apparent violaiiciu. fl f it, sU ch as tliose in Art, alia]. 

325. Determination of the Efficiency.—The efficiency of a heat- 
engine working betifcen two given temperaturei! ha* irecti defined 
:is the ratio of the quantity of work performed to the quantity of 
heat drawn from the source, and in the case of a reversible engine 
tve have seen that this efficiency is independent of the nature of the 
working substance. It must, therefore, I* determined completely 
by the two temperatures between w hich it works. This is expressed 
by saying that the efficiency is some function of the temperatures of 
the source and tiohdoosEr, or algebraically expressed 

According to the dynamical theory W may he replaced by - Q', 
the difference last ween the quantity of heat drawn from the source and 
that yielded t© the condenser, and the expression for the efficiency 
becoiaefl 


from this it follows that Q tj' is a function of 0 ami tt\ and therefore, 
if Q t and Q,, he the ijoamities of heat taken in and ejected by a 
reversible engine working between the temperature* 0, and 0 g , we have 

JjSWuiy, 

when F(0 lt fl t ) i# some function of fl, and 
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Now returning fco Cumota cycle (Fig, 213), it i* clear that Q t , the 
quantity of heat absorbed along the isothermal BA, can depend only 
on the temperature & v the nature of the working substance, and 
its pressure and volume in the initial and final states—that is, on 
the co-ordinates of D and A. lie rice we may write 

iii —J\ F p, r I. 


where K refers to the nature of the working substance, 
have 


lienee 


V ^KS,y,v' 


Similarly we 


and this must l>v independent of everything except B t and and 
consequently/(fi' L N T ^ar.)imjAt he of the form where Iv involve* 

everything depending on N, p, and r, so that we have 1 

VWiLJW 

Now Qj is always greater than hence/(^) always greater New scale. 
than/(0 s ) if tf, is greater than & T The function/(«?) in consequently 
such that its magnitude increases ns the temperature r i increases, and 
wo might therefore form a new scale of temperature by tabulating 
the values of this function (if once determined) for all values of the 
centigrade measure a* The values of this function might therefore 

1 ThU relatiflii muy In.' e&tibisflh *3 iu follows—\Y* 1m?r, for mu 

working lMtm'uu the limits 0 V and % 

J-KMd. 

■iii'h in tL(? same mamiur for an mgine Working bctwen&i the limits tfj, W« Lite 

^ = F( 0 „<y, 

Catwuuvntiy hy multiplication w* find 
Hut Qi/t^ mmt t* t*\m\ to F{# tT 0 j)h thorefor* 


that lit, 0* must disappear from the right-bund number* 
knppcn, the fonctidll F muat be of the form 




In orJw tint tbu tuny 


‘itjw 
4> M>' 


mni oou«nucnlJy wr have 
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bo used to denotv the corresponding tcmpemiiLres on the now scale. 
So that if we denote/^) by t we shall have 


Q._ t i 

^ ri 


or 


Qi = Q, 
r i V 


and the now scale of temperature will be such that any two tempera- 
ture& on it bear to each other the same ratio as the quantities of heat 
taken in ami ejected by u reversible engine working between those 
temperatures as source and condenser. The efficiency of such ait 
engine will consequently be 


Ql T, 

- 326, Carnot 1 * Function hi the cm; of in engine working he twees two intliiitdy 
msar Umij*iraUrn*, r nttid t 4 dr (or hikI a - . r Hi** efficiency U ohvbuajj 



* W 


Xitw b thin CuUi- th* eirieitiuey mtiat be scum- function of tf T sin^e it dtsjwitdfi only on 
^ and ti + (W, find Carnot «m&eqneiLl] y wrote it in the forth 




when ^ i* a function of tf to h* detunnlned, and ia known 
Comptring U) and (2) we find 


Ur jf,. , 

r,»“W ,JjTL 


Ha Garnot'i fuHtiim, 


Menca if drllit) 1, CottK>t*» futicliori »rt BtinnHcalli, «qul to the rocipmal of thu 
iitttulut* t<nii[»ralur>. Id j{fn«ral r with the Ibr.^fM ] j ■> nolatiuu, we liave 


327. Absolute Temperature and Absolute Zero.—The remarkable 
proposition established in the foregoing article wag seised upon bv 
Lord Kelvin 1 ns early as 1848, and made the basis of a scale of 
absolute temperature — absolute in the sense of being independent of 
the properties of any particular substance. 

Wo have seen that if Q, and Q,be the quantities of heat taken in 
and ejected by a reversible engine working, between the limits of 
temperature 0, rind then the ratio Q„ is independent of the 
nature of the working substance, and depends only on the temperatures 
and Now the numbers expressing 0, ami O t will depend on the 
nature of the thermourntrie substance and on the system of thermo¬ 
metry adopted, and the ratio of 8 % to fL will depend in general on the 
system chosen: but, on the other hand, the quantities Tj and 7 ., are 
such that their ratio is independent of the nature of the working 

• Wm. Thomson, Free, Cambriityt FhiL Sac., or T'hii. mg ■ » h ,| Team 

lU»j. Hat. Win,, WM. 
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■Substance or of tho system of thermometry adopted in lhe mtia&urcment 
of ^ and d T If therefore the numbers expressing r t and r„ are taken 
to represent the L^mper&turee at which the heat is taken in and ejected 
by a reversible engine, we can uaert that the ratio of any two tempera¬ 
tures on this scale is equal to the ratio of the quantities of heat taken 
in and ejected by it reversible engine working between these limits, 
and k independent of the properties of any particular Emhtfartce. 

This mode of reckoning temperature lends us to the notion of an 
absolute zero of temperature^ for if the heat Q, ejected by an engine 
lie zero, then r t will bo zero also, mid the ufikiency of the engine will 
be unity. All the beat Q t taken in from the source will be converted 
into work ; and since we cannot suppose that more beat can bo con¬ 
verted into work than that which is drawn from the source, it is 
impossible for r to bo negative, and hence the temperature correspond¬ 
ing to t ^0 is tho lowest possible temperature cancelvahltv The wm 
of this scale is consequently an absolute zero of temperature inde¬ 
pendent of the properties of any particular snbstaiiee, for when the 
efficiency of one reversible engine is unity, the eifkiency of every 
other reversible engine working between the same sourcu and earn 
denser will also be unity, and hence, 
if t is zero for one substance, it will 
also be zero for every other. This 
zero ia therefore absolute. 

Lord Kelvin'* system of reckon 
ing temperatures is exhibited graphic¬ 
ally as follows t — Let AA 1 A t and 
BB t B t (Fig. 214) be any pair of 
adiabatic lines for any substance 
chosen at random. These lines cor- 
respond to the state of the body 
before and after some arbitrary quantity of heat his been added to 
it. Let AB be any isothermal line for the same substance, and let 
A B , A*BL ete. T be other isothermal* draw n, so that the areas of the 
cycles ABBjA,, AALl^Ap etc., are equal to each other. 

In this ease we have 

Q Qi =^Qi - Q*~ % 

iind hence, since Q/r * Q^'r |t we must lave 

r- r, -Tj - r fl “ * a - t % = ep-- ; 

tit other words, the iaothornmls have been drawn so us to correspond 
to iHjual differences o! temperature, so that if r t 5 be the unit of 
twnpemture, r - r s will bo two unite, 7 - T a throe units, and so on. 
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Lord Kelvin's method of graduating the scale of temperature is con¬ 
sequently equivalent to saving that the number of degrees between the 
temperature r corresponding to the isothermal ABand the temperature 
r corresponding to any other isothermal A'B r ia to be taken pro¬ 
portional to the area ABBA; 

The absolute Kero of temperature being that which corresponds to 
Q = 0, the only thing which yet remains arbitrary is the siae of the 
degree, and this may he chosen so that the number of degrees between 
two standard temperatures oti our new scale is the same as that on one 
of the ordinary Realcs f for example, so that there may be 100 degrees 
between the freezing and boiling points of water. As soon m the 
number corresponding to one of these points has been determined, the 
numerical value of every other temperature is settled in a manner 
independent of the Jaws of expansion of any particular substance. 
To determine the number on the absolute scale which corresponds to 
the freezing point or boiling point of water requires a special investiga¬ 
tion of the behaviour of some particular substance. The simplest case 
is that of a perfect gas—that is, an ideal fiuhfltance which obeys 
Boyle's law at all temperatures, 

u»*£Gt* If the working substance Vie a perfect gas, the characteristic 
juiri^t gn>. ^nation of which is 

jjf — Ktl, 

where O is the temperature measured from the seru of a thermometer 
filled with thu BiibetJtueo, aa indicated in Art, 81), then the quantity 
of lieat taken in by the substance while passing from A to B along 
an isothermal is, in dynamical units, 

*4 = j ptir - It# | -- = R# log 

and the quantity Q’ ejected in returning a tong AH’, the lower 
isothermal IV of a Carnot's cycle is 


Q = I V**=K*»’i '' f *=Wb>g'\ 

J ri T V| 

Hence wo have 

y B lgg j VF|l 

But since A and A arc on the satne adiabatic, we have 
Pi*p = P4?i‘ r > tlarly if = 

and consoquontly 
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A'boMm**^ HLd FtV * = P, t ty ti>f> ieotlierniltl conditions, therefore 

*t = h 

Ij. u 1 

and equation (1) becomes ' 1 

Q ,« 

Q’“tF 

Nut Q/Q'-t/t on the absolute scale, therefore we have finally 


or, in other word.*, the absolute jsero on Lord Kelvin's scale is the same 
ns the aero of the perfect gas thermometer. Now the coefficient of 
expansion of a gu lus hee„ found to be # l a on the centigrade stale, 
*° f 1ftt w _ interval between the freezing and the boiling points 
of water is divided into 1 00 equal parts, the zero of the perfect 
gas thermometer will be 273 degrees below the freezing point of 
water, mid this is what is meant by saying that the absolute zero is 

-< J C. f or that on the absolute scale the freezing point of water is 
373°, and the belling point 373 . 

Aa no ordinary gua rigorously obeys the law* of a perfect gw, the 
number 273 obtained by observation of the expansion of air requires 
condition in r&tpect to the deviations of air from the supposed ideal 
condition, and these deviations can only be determined by sjiedal 
experiment. For this reason a special examination of the properties 
of air was made by Joule and Thomson by a method which we shall 
consider subsequently {Sec, VI II,). 

32S. Remarks on the supposed Violations of the Second Law. 1 _ 

We shall now consider briefly some of the objections which have been 
raised against the second fundamental principle, This principle, as 
stated by Clausius, asserts the impossibility of transferring heat from a 
cold body to a hot body without at the same time some equivalent or 
compensating transformation taking place, such as the expenditure of 
work, or, what amounts to the same thing, the jjassage of heat from 
some other hot body to a cold one. As stated by Thomson, the law 
asserts that the manner in which work is performed by a heat-engine 
is by the passage of heat from a hot body to a cold one, and it must 
be remembered that these statements apply to cyclic processes which 
can be repeated over and over again so that the transference of heat or 
the performance of work can be kept up continuously. 

An equivalent statement is that work cannot be obtained by using 
up the heat of a single body ; or, in other words, we require two bodies 


1 See Art. 324. 


2 V 



THEORY OF HKAT 


trUAP, vili 


690 


at differs nttemporatam, the obvious reason being that in order to obtain 
work continuously wc require a working substance which alternately 
expands stud eon tracts and to produce this ait or nation of volume we 
requ ire a cor reiqmndiiig 1 1 1 ter nsitio n of temperature. For examj >lo, a gns 
may be enclosed under high pressure in a cylinder, and by allowing the 
gas to expand, work may he done while it cools below the tempera¬ 
ture of any of the surrounding Imdies, and it might appear that 
Thomson'* statement was violated, but it must bo remembered that this 
operation is not cyclic. It cannot \m repeated without bringing the gas 
hack again to its initial condition, and this would require either tin 
expenditure of work or the passage of heat from some hot body to a 
cold one* 

Two objections have lason proposed by Hirn, and refuted by 
Clausing and they are worthy of note a* illustrations of the principle. 
In the first a horizontal cylinder (Fig. 215) is supposed fitted with a 
fnctionlesB non-conducting piston which divides it into two com* 
part incuts, A and B. These compart manta are filled with air at 
temperatures & v and 0* respectively. Now' let us suppose that is 
less than ft. n and that the end of the compartment A is brought 

into thermal communication with a source 
of heat at a temperature greater than 0 1 
but less than then the pressure in A 
will increase, the piston will be pushed 
forward from A towards B so that the air 
in B is compressed, and as a consequence its temperature is raised. Thu* 
heat leaves a body at a temperature less than H,„ and enters a body at 
or above It would Appear at first sight that heat had passed from 
ii cold hotly to a warm one, and that the axiom of Clausius was violated. 
What really happen^ however, is that heat passes from a warm body 
to a cold one, and in addition there is also a transference of energy 
from a cold body to a hot one ; this latter transference is consequently 
compensated by the former. The heat generated in IS is the equivalent 
of the work done on it by the gas in A, and the power of doing this 
work is derived from the passage of beat into A from a body at a 
higher temperature. 

The second objection of Him is perha|is more ingenious than the 
first. Two non-conducting cylinders A and B (Fig, 216) of equal cross- 
section are fitted with friction less pistons of equal weight, which are 
forced to move in opposite directions by a toothed wheel, so that when 
the wheel revolves one of them is drawn up while the other is forced 
down without any expenditure of work By this arrangement the 
total volume of the space* A and B enclosed between the pistons 
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C0IliUuit p* “ aued With dr, aid at tho beginning 

of tho operation a I tho air is in ,1,0 cylinder A, so that the piston 
m A1S at ‘he top of its stroke, while that in B 
is at the bottom. 

Lot the temperature of the air in A be # 
and let the connecting tube be kept at some fixed 
temperature 0 1 higher than $ v while the wheel 
is slowly turned bo that the air passes from 
A to B. The action which takes place will 
then be as follows , The first instalment of 
air that enters It will be raised in temperature 
10 fl lP and in consequence the pressure will in¬ 
crease so that the air in A will be compressed 
am) raised in temperature. The second instil- 
ment will also enter B at ^ mid the pressure 
will go on increasing as more air enters B, *o 
that the air in B as well as that in A will las 
raised in temperature. The upper layers of 
air in B will therefore be raised to tempera¬ 
tures exceeding and the average tempera- ns ~* lft 

ture of the mass in B will exceed that of the source of heat, 1 It would 
thus appear that heat has been transferred from a lower to a higher 
tern pent ture without the expenditure of work. But it appears at once 

in this case, as in the previous, that there is also a eninpcnsaling proces- 1 
in 0 ] (Oration, for w Idle the air is jmssiiig through the connecting tube 
it is heated to & ]t mid there is thus a transference of heat from a 
higher to a lower temperature. 

In both vases consequently there are two processes in (ijwration : 
one a transference of heat from n higher to a lower temperature, and 
the other from a lower to a higher. There are thus really t wo engines 
at work in all these cases, one working in the direct cycle ami driving 
the other backwards in the reversed cycle, 

A somewhat similar process is stated by 11, Bertrand. 1 Here a gas at 
0 is enclosed in a cylinder fitted with a movable piston, and the end 

' If the air in A be initially at 0* C,, ami if tbe eMmeeUtig tube Eh- fcrjW at 
100' G, the averaga inn pora1.il r* of the whole mas- when tr&asfi-rred to B wilt In? 
about ISO 1 0. The mean temperature t. is giv»n by the equation 

r^m 



f T — rfT " 

T J 1 


where t] is the tempcratHW of the tube. and r, the initial tomiterating {see Him L 

p, 1260 ), 

* B^rErfuid,, 7^frfnAfyiiai!ii^ur t jb AJj. 






















MiswtUi 

itartHau* 


092 THEORY OF HEAT yfiAP, Till 

0 f i|io cylinder is in thermal complication with a source of heat at 
# m The gas is allowed to expand* doing external work, while its 
temperature is kept constantly at 0, and this work is stored up and 
subsequently employed to com pros* the gus t thereby raising its tern 
perature so thJit it may yield heat to a body at a temperature higher 
than 0, But the body cannot be brought back to its original state 
without on the whole doing work on the substance, i.e. the process 
cannot, ho made qtdk without drawing on some external source of 
■work energy. This is easily seen by drawing the figure, 

|Aji interacting ca*d of alt apparent violation of the wttPllrt law wu* ^uggcairtl by 
liOrd Rayleigh* A beam ^flight idling from a body A may be Irununitted through 
u nicpl flod the resulting polarised beam jn^aited through a medium in which tha 
]il^ne of polarisation is twisted by a magnetic field through 45*, It u than wholly 
Ifuumlttodf by a hmgiiJ ulffll suitably placed, and allowed lo fall OH A body B. 
A bm*m from ft following the same |mtli in the nron* ardor would he twisted by 
thfl held in lbe .tow direction, and ceneeqllimLly Would 1» stopg>tid by flic lint nicoh 
Apparently p then, it might th: tv Arranged that A sends to B mope radiations than 
ii iwcim rtthstirthey were originally at the sjune temperature, H would eventually 
become hotter than A. Lord Rayleigh shows, howem-i that all attempts to reflect 
the radiation* <4 U ba^k to (» as to danse tin its own energy) would In reality 
involve the opening up of a imth for them radiation a to A, and that complete com- 
[inflation would result t,Vrrlwre p vol lsir, > 577, 1P01 '.] 

The second law is also practically embodied in the statement that 
it is iiojKjssible to produce any difference of t cm pern cure or pressure 
in an isolated masH sit uniform temperature and pressure throughout 
without the expenditure of work, and to the statement in this form 
Mas well ] has devised an ingenious but i Illusory violation. He take* 
tilts case of a mass of gas {at uniform temperature and pressure 
throughout, and he then imagines a being capable of dealing with 
the individual molecule* of the gas. According to the ordinary theory 
the&a molecules are moving with velocities which differ considerably, 
jo |hat if a partition bofupposed erected in the enclosure, the imaginary 
being may sift the molecule* so as to accumulate the faster-moving 
molecules La out region and the slower molecule^ in the other. By 
this means inequalities of temperature and pressure might ho intro¬ 
duced without the expenditure of any work. 

It must be re mend ki red, however, that to this being the gas is by 
no means a uniformly heated mass. The faster-moving molecules arc 
hot and the slower loM, and the whole mass tea him is made up of 
discrete pari* at very different tempera Lures, and this sifting of the 
molecules U no more a violation of the second law than would be the 
collection by an ordinary being of the warmer meinticrs of a system of 
bodies into one region of space and the colder into another. 

1 Thtury of Heat, a?d editiou, p, 32®* 
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Tho point then appears to be that n dear understanding of the 
meaning of the word body should 1 h> obtained in stating the second 
btv, for, without this, apparent violations an tic easily manufactured 
by a confusion of lortns. 


l. Pwc» Unit mi idintwik ettrre maeot internet *■, iwthenu.l in m*m tlmn 
eao point, and therefore cannot touch It 

(If on odloUtfo and on foeMiernial inter, wltd in two pmata, they won 1,1 fiirm a 
dosed cycle, anil Work could be performed Willi • *in ri lc Ml, ine at the tempermtiini 
of tll« isothermal, f 1 

2- lq pauftiiK al«qg on adiabatic. |.rova that Hie tom j*rst lire must always 

chiller fn tile same n*t\st\ 

j Otherwise t^nma tpm;*returfi wouM ejuit nr two or mor* i^inuioii 

adiabatic.; 

3- til like 3an-.it. maon-flr Hip quantity rfQ mmt alwiy* linva Urn name in 
Jifl^llig idung »ii taotllrrmil. 

4. Of all the cydts that a »lr.h* of gas can posi through ku^u givrji oalr^mo 
Wtnpwmtnrw, the cycle of ConiD t gives the maximum ratLD of tie wort ^rforam-i 
to tho Lent bpiiu. 

fn. If ah isothermal ami nti id hbalici interpret at a point M Fig. 'U7h making 
A. B r C, P p ihow that in pacing to any oifatr itate M r 
(I) K M r lie® lit A there is bating *a.*omp*ni«j by 4 sublnctkn of hmt. 

{-) If W lif« it] II there U betting ioraptii*(i by a communication Of Lute 
[LII If M 1 lies in C thi n; j- rooling ao«omjuJed by a communication of heat 
(•l) If W* lie* Ih D theft La cooling aoG&tupiaftd by a mhtrai tiou afheat, 

th In general, if two adiabatic tangent* he dmwn at A ami A T (Fig. LilJsJ, anJ 



Hfr air- 


an 


two isothermal tangei: t-H at B ami IV to any closed cycle, iher*: will he a com tn 11 nioa. 
tied of heat in passing a long AI!A r t ami a subtract ion of but in palling hark 
alemg- A'#'A, white there wj|] tfc- a fall of temperatur* in panning along BA r B' ami 
a rise of temperature in pacing along IV A B. 


1 [The famahing here ipokim of refs™ to two-print control. Ic ii prajsibfo for an 
adintrttic to hove three- point contact Willi ui swlli ltiiui], i.t. to touch i t am t v ros* it 
nt the eanwi time. ThU ts actually the cane with wafer rtt 4* C. J 
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320 Extension of Carnot's Cycle—The Theorem of Clausius.— 
in the ease of a simple Carnot's cycle the quantities of beet taken in 
■ l nd ejected during the isothermal transformations ait absolute tempera¬ 
tures r t and t* are connected with these temperatures by the equation 


T i r t r 

or, if quantities of heat, taken in bo regarded as positive, while 
quantities given out arc considered negative, this relation may bo 
written in the form 

T i *7 


Now in the case of a general transformation, represented graphic¬ 
ally by a curve of any form, the heat is not all taken in at the same 
temperature and given out at another, hut h taken in and given out 




o 


ris- K*. 


at temperatures which vary contmuotiely. Thtf abo%& relation may, 
however, bo extended to any reversible transformation by the follow¬ 
ing simple met bod sugges ted by Clausius : 1 

Let the curve AH (Fig. 219) represent any reversible iransformo¬ 
tion whatever, which brings the working substance from the slate A 

1 Ckmittit Mtthun imi T&twy uf H&ti r ^ 

m 
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to the state B, This whole traniformation may be considered as 
mode up of an immense number of very small trails formal ions* which 
are alternately isothermal and adiabatic, aft shown by the zigsag line 
overrunning AR H the successive element* of which are alternately 
elements of isothermal and adiabatic curves, The smaller the elements 
of this zigzag line* the more closely will it coincide with 9ho continuous 
curve AB h and the coincidence will bu indefinitely close when the 
elements are taken indefinitely small. Hence* if the continuous 
transformation AB is replaced by the zigzag of alternate iso thermals 
and adiabatic** the effect on the quantities of heat, and the corre- 
ipooditig temperatures at which they are Liken in or ejected, will be 
vanishingly small. 

From these considerations it follows that any reversible cycle 
represented by any closed curve may be broken up into an infinite 
number of indefinitely small Carnet cycles* its shown in Fig, 220. 
For each of those cycles we have, if be the quantity of heat 
absorbed at t x and - rrQ,* the quantity ejected at x,-— 

r s ^ 

and by taking the sqm of these for all the cycles* wo have for any 
cyclic reversible transformation whatever 

/?-■ 

In Carnots cycle the working substance is «up|*osed to Lake in 
heat at the temperature of the hot body, and eject it at the tempera¬ 
ture of the cold body* In practice, 
however, the working substance must 
be somewhat colder tlmn the source 
when taking in heat, and warmer than 
the refrigerator when giving it out. 

I fence* if AfiOD (Fig + 221J be the 
cycle of Carnot in the ideal limit* the 
practical cycle will be represented by 
the dotted figure * ATFC'DV The 
area of the latter will be less than that of the former, so that the 
efficiency in practice will be less than that of the ideal case. Conae 
quently* if Q, and Q* are the quantities of heat taken in and ejects, 
and r t and t s the absolute tempera Lures of the source and refrigerator, 
we have 

1 Whan the opart tiem is reverb, A'B r will b& AB, And C'D* heW CD* 
nud l1h‘ urea of the reverse cycir ttQl eiceeil thut of the direct. 
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which gives at once Q 3 T|<Q . or 


Qi 

n 



If, however, r l und Th denote the iiL^otute temperature* of the 
working ft(ib#&Aii&e when taking in and giving nut heat, we have still 


^-^=0 
Tj T, 


and that the left-hand member is less than zero when r, and r„ denote 
the absolute temperatures of the hot and cold bodies, follows at once 
from the £■** that in this case the temperature of the source is higher 
than that of the working substance, while that of the condenser is 
lower; and as a consequence, Q, r, is diminished, while Q,/ Ti is 
increased. 

I n the same manner, if in any closed cycle the working substance 
he not at tbc same tern |« rat tire as the body from which it absorbs, or 
to which it ejects heal, then we have 



when the temperature r is that of the working substance when it takes 
in or ejects the quantity of beat rfCf : 1 hut if T he the temperature 
of llie body to which the working substance yields heat or from which 
it abstracts it, then the positive constituents of this integral arc all 
diminished, while the negative are increased, and we have 



330. Entropy. —The interpretation uf the theorem of the prcced 
i„ E article is that the value of the integral for any reversible trans¬ 
formation which brings a body front a condition represented by any 
point A to that represented by any other point B, depends only on 
ihe initial mid final conditions, or is a function of the co-ordinates of 
A and B. For if 4> U the value of the integral taken along any pAt h 
A MB i. Hg- -1-)j unrl iis value when the transformation b eJTectcd 
along any other path AMR joining the pair of points, then the 

P* * f ^ AM1J ^ closad reversible cycle ami for 

rhe whole cycle the value of the integral must vanish; therefore 

* - -M 0 rt “ mt » nin § of this is that the value of 4 a t 


' dg U thr whole 'jusntity a ( luai eht](T fw|n 
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any point depends only on the co-ordinates of the point, or that 
f/Q t is u i>er£e-ct differential—that is, the complete differentia] of some 
function ^ so that 



and the value of [he integral taken along any path joining the points 
whose co-ordinates are /» i f 1 and fL.iv, is 



where ^ is the value of the linn:lion at the point and *f^ its 
value it fjVy 

By working along an isothermal line r remain* constant, and the 
value of 4 * changes by an amount Q - where H is tbe quantity of 
heat added to or taken fruan the substance during the transformation* 
This tuggers the measurement of 4 * from a zero at which the substance 
contains no heat, but in practice it is with the changes of r/* rather 
than with its absolute value that we are mainly concerned, so that 
we may measure 4 r (os we measure potential in dynamic*) from any 
assumed origin : and the value of the integral taken along any path 
drawn from this origin to any other point may be written in the form 



The function ^ has been termed the nrfropy of the substance 
by Claujaios; 1 and it is clear that throughout any abiabatio trans¬ 
formation the entropy of a body at the Nime temperature throughout 
remain* constant; for if = 0, we have 0, and this means that 
4> remains constant. The adiabatic lines of any substance are conse¬ 
quently lines of constant cut ropy, and for this reason they have been 
also named uentrppie^ If, however, any body be subject to operations 
which produce inequalities of temperature in the mass, there will be 
a transference of heat from the warmer to the colder parts by conduc¬ 
tion and radiation, and although the body may neither receive heat from 
nor give it out to other l^odies (no that thi 1 t ran s formal foil is adiabatic 
throughout), yet on account uf the inequalities of [cinircmtiirc, the 
entropy of the mass will increase a* explained below (p. 700), and 
under these circumstances the trails format inn will not be i sen tropic. 

It lias been already pointed out (Art. 320) that the quantity of 

* K, Clousms ( P&jtfs. Arm. vel. easy. p. 390} ifitroduaod th^ idea uf & tranbrorniu- 
[ioEi equivalent of I quantity of he At, -ini dQfr Is the IruL-^rtDition or 

the ijiuintity tfQ. Tho uzao entropy w ^ MiMaquestly cbmb from the Greet word 
r^oriji, signifyj ng - transform atioii. 
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hmi nbaorbud or givyn out hy ,l WJy in posing from one condition 
to another i.- no!- determined completely by the inilijil :i,nd firm! ctm 
diliotiH, that i* not exprt^iiiblo in terme ol the initial and final 
co-ordinateor that JQ i-4 not ji jierfoct differential. But wts have 
just eooti that iiQ t a perfect rli nioreiitin^ and this means that t is 
the integrating divisor of e/Q. or L 7 is iu integrating factor. 

[An Intrfi'ntiug lutvrptvtation uf the Lenu entropy, an. app) i i-i L 10 * «ft_q r ha* Lm-cb 
given by Boltzmann. 1 Tin* V.n ** difftrthqtkll of TelodtjBfl/' Himploycd in 
Art, 3GS with rekrniicp Up th<; molecule* of a gas^ might he understood lu either of 
two^BHA 3tL the Clrs&t placv, wa might Uki- it to mean si wmpktn dcimitioii of 
thi velocity hi nuigninnh* and dirictkli r.f each individual molecule ; wr- >hall cnll 
ik distribution given in tbis way an tK-nuiyruratt. but by a given distribution of 
velocities wo itnttnnrily lucaii that Wo are git on tb* number nsf tciclocuJaa corre- 
Hjkoadllig t* fHob vnloeity, and we do not conrerii ounwlve* with the identity of tin- 
melecuhi which possess this velocity, nor with tholr direction. Sudi n smtiaticil 
distribution may be referred to *■ a tompivtvn. TIlu mt fiction being made that 
tlkii energy of the gan is given., weaea that rk large number or compkxfcua might 
he inppo^ed pOfcdbk and e^h complexion will include a large number of possible 
nmngttiiieiit*. If we assume thivt all arrangement* am mjWkJLy probable, then the 
inti.iE pialuEii- rainpkxiab in thru which contains the greatest number of 
arrangumcnEH. 3 This roEnplcsioa will Ims the stable dutributfrii u\‘ Art T 

TikliLug tho flimjpltiii wem* thnt of a guvbfl«« molMltlei behave like perfectly 
ehwUc smooth sphere^ if we caknlate an capo-jnn far the entrupy flH drilled by 
Ulaiuiiu, we fiml that by wilMy cbiwsing the constant of integration, wocrinmak® 
It [wopcrtionil to the tegartikm e/ tie prokiMftp of the compl y fan pf the *n* T ] r 
on« |KCtion of gas has 4 wmpiia&fan whose probability £t Pend another portion boa 
a complnkm wbr-H- pfObabiJiLy in l v p thitf the probability fcf the tun token together 
is rP% Siiwo the rhaoce that two evwns should ^ih happen in thi> [ircnJuct of the 

*1*^ « h “ CWL 1<j e 1|y " llJ K B ■ l fc, r thrmfow the ■■ ii I ropy of the whole 

of a mass ofga* ia ike sum of the n ritftipi&i of its |Tat^ h ns it Abould lhu L 

Aecmtling to tbk view, in ita mwt general far 4u , iraiufcFnnatiob i A ia a 

***»» revt If we could revehsu the Vcincily r>f eye,y ^rtldv of tuasa i u the 
thl ' ri WfhtlkJ pn™d bark wards, and things would n-vert m and 

I-4M through ill their former ab 3 <*. TElu. wb«n a weight falle from a 1,ejVht it A 
i-m-rgy. eu ifni^-E with tin ground, la cunvwtcd Into dilhi^d mok-risUr 
motion| or heat. It the valodtiea were ull revered, then it would come about that 
:it a particular inatant the mol^nlo would eoaspite ia aeomto&EL nwtfou to produce 
w ^ W ,U|J V™i* 1 the wi-i«ht up to its original h v-t Th,- tilimber of 
art*l,gBnieobs in the most probable eompta™ is, however, » r.kDmu-^U u, 
[Punderant, th-at the ch.iaur or even a alight departure from the h tmhh eomlltioO is 
vanishingly ainalL] 


331* Clausius’s Theorem considered as the Second La W ,- 

theurein of CUusius that in any clo«wl reversible ejoJe we have 


/« 


-:-0 


(U 


1 St* VarlWMWH far Gtothiorit, by L* B oltam.^ Vo] s 

* A " *l»‘ “ «■-«. ™ !]jt «. ora mistaH 4f t „ 

iiowdcrs. Ev. ry urmoffemtEiE of firams ti «oiulh nMi-kr i + , s n i l 

fa a wLfom ! L ' pPuUbt# - ^ the “«* 
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or, in other words, that the change of entropy of a system subject to 
any reversible transformation depends only on the initial and final 
conditions of the system, has been deduced merely as a generalisution 
of the eqnation 

^ + ^*=0 ( 2 > 

S Tj Tj 


which applies to a simple Carnot's cycle. This latter equation depends 
on the theorem of Carnot that the efficiency of a reversible engine 
depends only on the temperatures of the source and refrigerator; and 
in deducing this theorem from the point of view of the dynamical 
theory, the only principle made ttseof is the second law in any one of 
the forms stated in Art. 324. It follows, therefore, that equation (I) 
h only a mathematical representation of the second law, and it has 
consequently been customary with many writers to write down equa¬ 
tion (1) as the second law of thermodynamics. We have avoided 
this because it appears preferable to slate the main axiom in iia 
primitive form as the second law rather than any mathematical 
disguise of it p for the fundamental jwwfculatc i' by this means kept 
more prominently in view. 

Sinco equation (1) contain* the second law, it ought Ui be possible 
to deduce this law from it. Tims, starting with (1 1 —that s* r that the 
entropy of ji Irndy is the same at the end as at the beginning of any 
cloned reversible cycle of operations—lot us suppose that the body 
has returned to its initial condition, so that the entropy has now 
attained its initial value. Now, if any exchange of heat has taken 
place during the cycle between the working substance and uther 
bodies, for example, if ha* been taken in by the working substance 
at r |t and if -AJ., has bean given out at then, in order that the 
entropy may remain unaltered, this exchange must take place in such 
a way that 

T » r § ‘ 


lie ace if r„ u less than t v it follows that *fof, is less than tlQ v or the 
quantity of heat gained by the cold body is less than that lost by the 
hot body, *o that work is done during the cycle by drawing heat from 
the warmer of two bodies and giving it in pan to the colder, 

332. Entropy of a System.— The entropy of a body being taken 
arbitrarily as zero in some standard condition A (Fig, 232), defined by 
some standard temperature and pre&stur^ (or volume), the entropy in 

any other *tate H is the value of | ^ taken ailing any reversible path 

by which the body may be brought to B from the standard state A. 
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The pith may obviously he an arc AC (Fig. 222) of an iso* henna I line 
imping through the point defining the standard state, together with 
the arc BC of the adiabatic line passing through B. The entropy in 
the state B may consequently be measured (hue. Let the volume he 
changed ndiahatically until the standard temperature t is attained p 
and then change the volume Isotherm ally until the standard pressure 
is attained. II the quantity of heat imparted during the latter opera¬ 
tion be Q, the entropy in the Flute B is 


*-!• 

In this operation the temperature and pressure are supposed 
uniform throughout the body ; and if the 
mess in this case he unity, it is clear that 
she quantity of heat imparted when the 
iniLEs is m will bo fulj, g-o that the entropy 
of a mass m in the slate B will be 
where $ is the entropy per unit mua. 
Iliis amounts, to saying that the entropy 
of two uniof mass En.-a given condition 
is twice iliat of one unit. 

|[ence s if we have a syrtam of bodies at different tempomtures r 1+ 
To, etc. P and mafiaes etc., the entropy of the sy a tern will be the 

sum of the entropies of its parts or 

whore <£ |t ^ etc., are the entropies per unit mms of m M etc, The 
average entropy of the system per unit mass might therefore he 
defined as 

^■*0“ tun) f 



J iwt "» t!,a whole volimae of a system it V = ^ wr ) i a|lt ] tl)e Bva 
volume per unit mass may bo taken us £(aw)/2 («). b 

333. increase of Entropy caused by Equalisation of Tempera¬ 
ture-All process^ sm-h us radiation, convection, m.d conduction 
by which the tempera turn of the various ,« rts of a ey4tem 

equalised, change the entropy of the syrtem, and it is easily shown 
(hat the result of Btrnh ojiemtions is to increase the entropy ' For if 

■<“'*? “f, , t " t f *!"™»^ »* t„ th, „i 

th,s body Will be d uni rushed by an amount ^ „ f ,g T ^ ,J ' 
same quantity - pw«* into a My at a lower temperature r’ i, s in™*, 

of entropy will U - <lq Tf Cojieequontly the increase of entropy 

of the pair will be rJ 
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and this is a positive quantity, since t* is less than r v 

Since such processes as radiation and conduction tend to reduce, 
ratter than to exaggerate, differences of temperature, it follows that 
the entropy of the material universe, as wo knew it, must bo con¬ 
tinually increasing—that is, the entropy of the universe is growing 
towards a maximum value which will he attained when all tempera¬ 
ture difference ceases to exist. 

334. Available Energy or Motivity. -When an eng i ei@ working 
tvetween any source and refrigerator draws a quantity of heat Q 
from the source, we have seen that the whole of this quantity is not 
converted into work but only a fraction of it — viz, t jQ, where tj 
is the efficiency o t the engine. The remainder is given to the 
refrigerator; and if Hie refrigerator is the coldest body of the system, 
this quantity remains unavailable for the purposes of work. If t 0 be 
the temperature of the coldest body of a system, and if this body be 
used as the refrigerator of an engine describing Carnots cycle, then 
when a quantity dQ of heat is drawn from a source at temperattire 
Tk the fraction of this which can be converted into work is 



This available fraction of dQ has been termed its nwtivily by Lord 
Kelvin ; 1 and it follow® that a quantity of heat is wholly available 
for conversion into w p ork only when the refrigerator is at the absolute 
zero of temperature, and in this case the motivity of a quantity of 
heat is equal to the whole quantity. 

The motivity of any quantity is simply its practical value, and it 
is only when the refrigerator is at absolute stem that the motivity 
Ijccomes equal to the dynamical value dQ. 

335. Dissipation of Energy .—If r, ( be the temperature of the 
coldest body of a system, the motivity of a quantity of heat rfQ at 
temperature r is 

0-?b- 

If the quantity dQ be taken in by an engine describing Carnot's 
cyde n and if the quantity <fQ r bs ejected at the temperature / by the 
pa mo engine, the motivity still remaining in dQ' is 

(>-?K 


1 \\\ TtiLhJu±H3n f Phil. Mfuj. jumL fine* A'cy, Ediit. fc 1 Miff. 
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BO thill the change of luotivitj of thu system is 



and consequently if the working substance describes any dosed cycle, 
the change of motivity is 



where Q is the whole quantity of heat taken in imd Q r ihe whole 
quantity given out by the working substance during the cycle. If 
the cycle be reversible, the loss of motivity will be simply Q Q", so 
that, fora reversible cycle the integral vanishes; but if the cycle Ijo 
not reversible, the loss of motivity will he greater than Q Q\ and 
consequently the integral taken round such a cycle must have a 
negative value. There is thus a waste of motivity or a dissipation 
of energy of the positive value 



If a quantity of heat if passes front el body at temperature t, to 
another at a lower temperature the loss of availability Lb 



that Ifip the loss of availability or (he dissipation h measured by the 
product of t h> and the increase of entropy., 

As has l>ecn already pointed out, the efficiency of every engine 
falls ebon of the ideal limit of the reversible engine, so in practice 
when it is attempted to transform energy, a part of it is necessarily 
dissipated. Further, as the energy of the universe is constantly under¬ 
going transformation* there is a constant dissipation in operation* and 
a constant degradation to the final unavailable state of uniformly 
diffused heat. The statemeEkt, therefore, that the entropy of the 
universe is tending toward* a niaiiimnu, amounts to saying ih&t the 
available energy of the universe is tending towards jjero. 


336. Graphic Representations,—The condition of a substance 
being determined by the co-ordinates of any point A (Fig, 223 ), we 
may apeak of the w hole energy of the substance in this state, although 
this is a quantity which we have no means of ascertaining experiment 
ally- We cannot deprive a body of all its heal, and in the case of 
bodie* which assume the gaseous condition, we cannot allow the volume 
of the containing vessel to increase sufficiently to obtain all the work 
derivable from Hie expansion of the substance, and so we cannot 
determine the whole energy, Nevertheless, when a body f mm 
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any state A to a[i y other B, by means of any transformation repre¬ 
sented graphicrdly by the curve AB r we can determine how much 
energy the body receives or loses, and in practice this is all we want. 

Thus* if AP and BlJ represent the adiabatic curves passing through 
A and B r and if ¥1} bo a fictitious curve representing the zero isothcr* 
mal, sheri the area AFQB (Art, 67) is she equivalent of the beat lost 
by the body in passing from A to B (when B is below the line AP 
the heat will be lo=*t) h So, also, the area ABNM represents the 
external work done by the horly during the transformation (when B is 
to the right of A the body expands and does external work)* Hence, 
in pacing from A to B the whole energy lost by the body will be 
represented by the area AFQBNM, and this area is independent of 
the form of the curve AB. ^ 

It is to be noted, on the 
other hand, that the area 
ABN M and the area AFQB 
both depend on the shajie 
of the curve, and conse¬ 
quently, although the ex¬ 
ternal work done and the 
quantity of heat emitted 
both ifepend on the nature 
of the transformation, the 
change of energy of the substance is completely determined by the 
co-ordinates of thtr initial and final states kf. Art. 3-0). 

Hence, 

A iv* A FQ BN M= U U 0 - change of em rgv 

AimABMN - 

AreaAPQB = Q =fnl#. 

If the temperature corresponding to B—that i$ T the temperature 
of the isothermal BC -be the lowest available temperature (for 
example, if the body be surrounded by a medium at this temperature), 
then in passing from A to B the temperature of the body cannot fall 
below t & 1 and no ]>art of the curve AB can descend below BC, and 
aince the body receives no heat from outride, the eurve AB cannot 
rise above AP. The supposed conditions consequently constrain the 
path All to lie within a certain region, and under these condition^ it i* 
clear that wheat it coincides with the limiting path ACB, made up of 
the are AC of an adiabatic and the arc BC of the isothermal through 
B, the quantity of heat lost will be least and the quantity of external 
work done by the body will be greatest. The path ACB is? conse¬ 
quently the path of least lose of heat, and the area ACBNM icpre- 



F.'ilh af 
least lieat. 
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sent* tli* maximum amount of work that can be derived by bringing 
the substance from A to E under t he supposed conditions. This area, 
therefore, represents the whole energy available for t rai ^format ion into 
work. The quantity of heat given out along this path is obviously 


Q = tJ$ - = area CPQB, 


where ^ is the entropy in the state B and </> the entropy in the state 
A, It appears, therefore, that if f and U 0 be the whole energies in 
the states A and B respecLively, then the work done during the trans¬ 
formation cannot exceed the area ACBNM» or 


ir-Ui-fnW-^la)- 


This, then, is the energy available for mechanical purposes under the 
circumstances* and it follow* that the greater the original entropy of 
the tody the less the available energy (see further, Set. VIL). 

3S7. Work obtainable from an Unequally Heated Body, — In the 
case of a body whose parts -ire at different temperatures equal tuition 
of temperature will lie effected by radiation atid conduction, and a 
corresponding dissipation of available energy will occur. When such 
a body is enclosed in a nonconducting envelope so us to ho cut off 
from thermal communication with nit other bodies, it becomes a 
definite problem to determine the amount of work that can be obtained 
by bringing all hs parts to a common temperature by means of perfect 
thermodynamic engines working between them. The amount of work 
obtainable in this way has been investigated by Lord Kelvin 1 and 
his results have been derived by Professor Tait* in the following 
simple manner : 

Let Tjj be the final temperature of the body when brought to a 
uniform temperature by perfect engines, so that al[ the heat which 
disappears is converted into work. Thou if another body at this tem¬ 
perature he Used as a source or condenser for the engines according as 
they work between it and a part of the body colder or warmer than 
V this supplementary body mmt, on the whole, neither receive nor 
lose beat. Now, if an dement of mas* dm, of specific beat s and 
temperature r r be brought to t 0 by means of a perfect thermodynamic 



of this* which is converted into work, la 



k W - Thomson, Fkil. J%,, Febrtim \m. 

9 F. a Tdit f ShcftiA a/ TAroii^jfnafjitcj, jk 12a. 
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The whole work done during the process is consequently 

*r 

W =l r ^/ ( T-Tv)*- . . , * ( 1 ) 

where $ ja measured in dynamical units. 

Now the total quantity of bent token in by an engine from the 

dement dm is | and consequently the quantity given out by 

■ s 

this engine to the condenser at t n is 

dirt j —adr. 

W 

Hence, euice the condenser on the whole neither gains nor loses heat, 
we must have for the whole body 

jrfjftf t!*f r= o.(3) 

T * T a 

The equation (1) (horeforc becomes 

W= jiljfij tdr ..... (3) 

This expression h much simplified by the supposition that the 
sped he heat j is independent of the temperature. In this case we 
have at once 


w -/fr- Tfljrtw. W 

whereas equation (2) becomes 


/L^(“ = 

or 


(SI 


If the body is homogeneous this expression simplifies still further, 
for then s k the same for all the elements, and if wc write w t for the 
water equivalent of all the matter at the same temperature t lt wc have 
-f*tm (the summation extending to all the elements at temperature 
iq), and (4) becomes 

- + . . . («) 


while (5) taken the form 
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Cok. In the ujiii? of two equal masses jU temperature* ? } and t = 
respectively we have 

T «= ^i r i 

and 

W ~ ,tpj. .fj+Tj-iS T|fg I = W{ sV| V 

both of which mity bo very simply deduced directly. 


Example* 

1. If n fe\ , iitP]ii of liiKlif-M At diUereiiL U niprtAinrFs And pressures be conidnud 
Withiu *n wiinhatSe onctnisire of rniaslHUI volume, provt- that tSie <|U*TU<ty of energy 
converted into work will bo gtoatoMt when tho jyvlcra i* reduced 10 fheitneJ and 
turthAidod aquilibrlam as follows s 

(a) Change lh^ volume of rrwrh U$\y ull they all attain the game 

temjHntalfe* 

,p ] Tilt bodies bring *11 *t the name temperature, let th<W* under higher prresiifr 
expand MUtionnally and eaenprau UuJ** uudor lowor pressure until lb* prmamof 
all arc equal. 

(The imlropy of the system remain# the same throughout this process niocm tilers 
lg nn aomlUlUliCAti™ of hdil osccjft between bvliaa At mmILIj tlir anlus lrm;|Hrratun- p 

njiJ the work gained m Aomj*n|iH'i]i)y grcatrat.} 

m 2 r In aGarnot* cycla bounded by two isothermal* r, amL t. s mid two italitnapir-^ 
*, and prove that the area is 

(T S - j. 

; Wfl have Q* - £ 2 > *nd U*“ r^ L - feb and the art* is Q t - % . - r| etc.} 

a. The area of a Carnot'* cycle, bonnd«l by two infinitely doge iroibenuab ami 
two infinitely clow i&orumpu*, i* 

drd$. 


J, A eerie* of ifidthernirila coiresjcndiug to absolute ttniptratimm iti uxithnuEfeal 
progression, and a similar arithmetic aarwof iKnlfopk*, fonn a m?twork q the wrahef 
of which are of equal area, 

S* If Um abflotntf tempmtiif* and the entropy he taken a* co-oidbata* to 
rei>reitenl the at ate of a working nulnttttiu, the are* of any vyelo rojttasnki the li*:at 
absorbed., or ejected r 

[Thi* follows from the relation | 

fi. The whole an a between two uentropica ami an isothermal Ls 

#*3- 

7. In the c**! of * ItfriHst g**, determine the entropy and prove directly that for 

a eltned cycle 



] 111 the case of a f^rfret gii we have |Art. ISSj 
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3- AeeuMttig tbwr iprciile heat » of » licjuiij tg lnr cou*[a:it. determine the entropy 
|wr unit maw, 

\Hf te dQ = jkir t . \ -fct=* log 

y. A unit moss of liquid at r k Converted into saturated vajKjur al thesim* 
tOlii|Hratnrc ; detsrfniiiii Lite dmngt (ffcnEro|sv T 
wc have 


jXtlw L 


i fetter, it » unit lU«,ss of liquid at t u bo reised w r «iul vajotis*! at tilts tunmitton 
the clnnge of tnitOpy b 


*k*i-+ T -. 

T u T 


uud if ill iitliliikin the v*|ttur be superheated to a tern pcrattuv r\ the change gf 
entropy will 1», e^miiinK the superheated yajiour to o!»y the Uiys ofgaroi. 

J leg - + +C„ lug + it loif r -, 

Til? clHrupy,, like tbo inti'inal tnergfi dvpwU only on the initial and fintj uon- 
clitionH, and consequently iLe foregoing rcpnraion Bhoald l..< iudependolat of 
tcmperatur? r of afauEkffon* so tbit 

(i - 0 r ) lojj r -3- L.'i" - K log p— u. J 

IQ. If a body deactibuN a eland f^thcrm*! and if it U iw«r*ibEii it# utm is xm, 
conveniently it ransbls of two or more |onp& (cf« p R <&&). 

] t. If Llm internal cflM^y of a body 1* a function of tlie Uunperatlllu only,, pnwe 
that its c&amfeeriatlju equation u tiro form 


P=Tfl^- 


|i« this ***> «c Wo <fq~gr’<fr+jrf«, therefore if* = * Sfr + £**, flm) tolLse . 
||IM«% £lr ttnet be a lirtfcct. dilfetttntiil-tliBt IB, jtfr mint Ire a fuuetloa of«t.J 

If a HuhiitajH'e l*J*urii that U increase# nmfoftulj with r irtufu r {j Nmotaut, 
ami uniformly With ^ when r is «jiastnnt T and if V p h« eomtuiiE, hud the i-harasjttT- 
istio n^llaliou. 

|Evidently we niU-st httVotftf -ndr f itfr, where a and £ are donaum^, TEterefrrr 
^Q^TW^-dU+pffr-^T+lfr+^yF. (|j 

lint since d& U a j^rfect differential it follows th.it (6 +jj \/ T mast a function of r a 

or 

fe+p=^r) {2) 

Hone? if pond t bo Taken AS indoivmiciiE, variohj?*, wo havn; |>v ( 1 ) ami ( 2 ) 

JQ=[« , (4 + J‘ yir+jjtp. 

Therefore: 



Hanw 

whort^ r is 4 comtuit, Kul /= (4+jjJ/r, tliiTefcirtt the ro^uiml relation h 
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13 . If C, and C, 1*0 both constant, show tlmt U m*y be pressed « 1 liM * 1, 
fn tn? tioiL of r and tm 

11. Two non-ocmdlining vcral* <ff volumes *, osuJ r 5 are wniuoUd by li tube 
funsi-nbed with A Up. H» vessel* arc filled with gas at the sum-- tEmptrHurc iitiii 
at ptCMum J>1 arid rtflpretfnLy. Thu Up I* ojhihhI and the g&A u avowed U 
fill both vessels j find thu change of entropy, prove that it is puitftM, and explain 
why there b any change of flatmpy (cf. A rt, 3Sfl)r 

15. if i substance obeys Boytte Uw, and if its interns] energy be a fnsiation of 
Ibe tempera tare only, prove that Iti eharoctcrisLiu eijLiJi'ioEL m 


when 1 R is a conaI*)it- 

{If the Rub&taSCr obeys Boylo'* law h then ibe fuitcLum J\tj of Ex. II id list be 
dimply a eaDflUDt divided by is Therefore, etc,} 

10. if xhe eh*mtlnfatio oqdatkm of a mbsuuace be pf=kT p prove (bat the in- 
IcniaJ energy depend* on the temperature only. 


{W* have 




i/U fitfo _ dll udo 
+ — —r it 

r T T T 


The final term Loin# is perfect dideniuiial, it follows that tfU/r i* a perfect differ¬ 
ential, bat <(U U also a perfeat differential h .\ etc.} 

17. A unit mass of gas expands from a volume r, to a volume r„ without doing 
external work (r.y. into mi empty vessel}; hud the |oe& uF moHvity, 

Mils. ThR log (fla/* 1 *). 


1 


SECTION IV 


Til E Ei T.IO I n NAM IC FOR MUL.£ 

338. Fundamental Differential Equations, — In general, the con¬ 
dition of a substance i& completely determined by any pair of the 
qunntitles ^ i\ r t U f mid in solving any thermodynamic problem* 
the pair most suitable for the purpose iti band must be chosen as 
independent variables. The quantities among wbiuh relations are 
most commonly established by the theory of heat are p t t% t t ^ the 
two efjecific heats* and the latent heats of change of state. These 
variables are connected by two distinct equations 

dQ=dTJ±d\\ T .(1) 

and 

tfQ =, * + * + i i (l) 

furnished by the Hrst and second fundamental principles of thermo- 
dyiKaiEUC8» When two distinct equations are obtained between any 
number of variables, we can proceed by known methods to deduce 
other relations among the variables which are often very useful and 
remarkable. 

Thus, starting from equations (1) and (2) t we obtain by equating 

their right-hand members 

* nf0^*fU + flfliV . . » ^ * (S) 

or, in the case in which the only external force is a uniform normal 
pressure p r we have 

dU^rdt^pdv ..... (4) 

We shall deal at present with this simpler case* Eind proceed to 
express (4) in terms of my two independent variables at and tf which 
determine the condition of the body. These symbols may be subse¬ 
quently replaced by any pair of the quantities p, r f r t ^ at pleasure. 
Now since ^ and r are supposed to be expressible in terms of x and y, 
wo have 

r dfa’ * hl *-£* + %^' 
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Therefore equation (4) be£om« 




d tf\ 

Sir* 


Cttnsef|oeikrh~ it follows that the eoeffieicHla of and *Uj ha this 
L‘i[Uaiir.>i] are the differential coefficieEits of Y with respect lo i* and y 
respectivelyj or 

tZL" dr j r/V tlift t(r 

4* =,T rfx-'&- . 

Bui since riV is a perfect differential, ne have 


that is s 


d /din , 

dH\d* } " dA L 4y J h 


(I / 4/# rfr\ iV / f/£ diA 
ifyyJz **dx) ~ dxVdtf ~^dpf 

or finally we are furnished with the elegant relation 


dr d«p rfr^ dpdv dp d r 
dj ■ d T w riy 4* dp dr. 




the direct geometrical interpretation el which i* that corresponding 
eleiLiei ns of area are equal whether referred to /. and r, or r and </), 
lie rectangular co-ordinates. 

By choosing / and y as any pair of the lour quantities p, r, T , 4 , 
rhis equation yields at once the following thermodynamic relation*. 
connecting thermometric and calorimetric phenomena. 

339. First Relation. -If 4 and r be chosen as independent 
variables in the fundnmenuil equation (5) of the preceding article, we 
obtain, replacing z by 4 and y by r, and noticing that consequent ,ly 
#/«**= J, and dvjdy 1, and that, in addition, since 4 and ,• are 
supposed independent, we must have <14 dy = U and <h ,lx = o, so that 
(5) redut&A to 

(£).--©). •.■•••«. 

In this equation dr is the change of temperature experienced by 
the substance in passing along an element of « n adiabatic line (4 
constant), and the left-hand member is the rate of change of ttnnprji 1 
ture when the volume varies adiabaticnlly, or the change of tempera- 
turn per unit change of volume during an adiabatic transformation 
I„ the right hand member ip is the change „f procure }jy 

change of heat while the volume is kept constant, mid the right, 
kind member is the change of pressure per unit change of entropy 
sit constant volume, 

The relation then nmens that during an adiabatic expansion the 
fall of temperature per nmt increase of volume is ct|u *| t0 thc 
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increase of pressure per unit inurease of entropy at constant volume ; 
or eqiL'tl to the absolute temperature multiplied by the increase of 
pressure per (dynamical) unit increase of heat at constant volume, 
mi&b ~ and consequently the relation may be written in the 
form 



34 Q. Second Relation. - - Choosing t ami r for independent 
variables, wc have in the general equation (o) / -= t, y r, and 


ttr tin tir 

, “I. . ~ 1. . =0. 

r&! ritj *iif 


\{v 

ii 




ami consequently the eqnation reduces to 


an 


which, being interpreted an before, means that the change of entropy 
per unit change of volume at constant temperature is equal to the 
change of pressure per unit change of temperature at constant volume, 
or writing it m the form 



we find that the change of beat per unit cliaugc of volume at cotisUnl 
temperature, or the latent beat of isothermal expand on, k equal to 
the absolute temperature multiplied by the change of pressure per 
unit change of temperature at constant volume. 

For example, in the ease of a body changing state at constant 
temperature, if L be the quantity of beat necessary to change unit 
mass of the subs la rice from the tint state into the second, and if ^ 
and r s be the corresponding specific volumes of the substance, the 
whole change of volume i* v 2 (supposing thu volume to be greater 
in the second condition than in the first), and hence the change of 
heat |Kjr unit change of volume is L (r* - r i f f and the equation becomes 


L 



341. Third Relation. —Choosing p and ^ for independent vari¬ 
ables, we have x - p t y = 






and equation (5) reduces to 



(HI! 
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ivhicb asserts that tho change of temperature per unit increase of 
pressure during an adiabatic transformation h equal to tho change 
of volume per unit increase of entropy tinder constant pressure. Or 
writing the relation in L^e form 


©HS).' 


w e find, that the adiabatic rat* of change of tenipomUirc w r ith pleasure 
is equal to the absolute temperature multiplied by the increase of 
volume per unit of beat supplied under constant pressure. 

This relation also leads to the Final equation of the preceding 
article. 

342^ Fourth Relation, — If we now take t and /j as independent 
variables, we have x - r f y = p, 


f if _ 
dy~ 


1. 


rffl =j 


dr ^ 
rfj/" 


0* 


dp_ 


dr 




rv) 


and the fundamental equation reduce* to 

{*±\ = _M-\ 

W/» W r/y “ 

which implies (hat the decrease of entropy per unit increase of 
pressure during an isothermal hansbrination \s equal to the increase 
of volume per unit increase of temperature under constant pressure— 
that K the expansion «r, Writing the relation in the form 

vre JSoe that the hut given out by the substance per unit increase of 
[treasure at constant temperature is equal to the continued product of 
the absolute temperature, the volume, anti the expansibility, 

From (hi* formula it follows that if « is positive^that js if the 
substance expand* with hosting-then dQ/dp must be negative ■ or in 
other w«da, a quantity of heat must be tahen away from the body 
in order to keep its temperature constant when' the pressure is 
increased. It follows, therefor* that increase of pressure is «eom- 
pamed by a development of heat in the case of bodies which expand 
on being boated, ami similarly increase of pressure will produce -t 
lowering of temperature in the case of bodi« winch contract when 
heated* 

These theoretical conclusions have been confirmed by many ex- 
penmen.*. It ns Joule found that water when suddenly com proved 
at temperature* above 4 C. showed an increase of tempemture white 

' niK 3V ***- M» t 1'aptrt, V . A7i . 
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at temperature* below 4 tht opposite effect waa produced. The liquid 
was enclosed in a strong vessel furnished with a cylinder in which a 
phslon worked, and the pressure could be suddenly changed by loading 
the piston with weights, Thq change of temperature was measured 
by a thermo-electric couple of copper and iron wires, one junction of 
which was placed in the middle of the liquid under examination p and 
the other in a bash of water. Sperm oil was also examined, and the 
experimental results in all cases were in close accord with the numbers 
derived from theory. 

The effect of suddenly placing a wire or a bar of any substance 
under tension is the name as suddenly reducing the pressure (a tension 
being a negative pressure), so that wires of such substances ns iron, 
copper, lead, etc,, when suddenly stretched, show a cooling effect, 
while vulcanised india-rubber and wet bay wood were found by .finite 
to exhibit a beating effect. 

343. Fifth and Sixth Relations,- The foregoing thermodynamic 
equations are generally known as “the four thermodynamic equations/ 
Two other relations may be obtained immediately from equation (5) 
by choosing p and r, or t and fa for independent variables. Thus, if 
p and f be chosen, we have 


rfj* . i(p . 

<u= 1 ' 



dp 


— Op 


and the fundamental equation {u) becomes 



In like manner, if r and be chosen as independent variables, we 
have 


r<T_ 


h 





and equation (5) reduces to 


(*).{©,-diet" ; • ■ <™ 

an equation w hich may be directly deduced from {V) by substituting 
in it from the four thermodynamic relations, 

344. The Four Thermodynamic Formula, — The four thermo- 
dynamic formula) deduced above as particular eases of the general 
equation of Art. 33S may also be deduced directly by writing the 
equation 

= * , . . . {!) 


TTiifFiFiftl 
tlfret* cil 
tCmpre-s- 

SIOT 1 . 
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in the equivalent forms— 

i rf(U — ■ ifrir -jh/pi 

rf( U +pv) = Tti$~istp- 
dijB - T^J zzrrlp - $afr 

Thru*, from (I), it follows that 



(2) 

W 


m 


the Ifrst of which expresses that the absolute temperature measures 
the increase of internal energy per unit change of entropy at constant 
volume, or that the change of internal energy at constant volume in 
equal to the heat received, and the second expresses that the pressure 
measures the decrease of internal energy per unit increase of volume 
during adiabatic expansion. Differentiating the first of the equations 
(5) with respect to f, lliuI the second with respect to ^ we have 





which is the first thermodynamic relation. 

Similarly, from equal bn (2), if we write U t^> ■/, we have 


* “ d UVA = 


with correspoiuting interpretations, and irom these it jottnws that 






which is the second relation. 

So atsop if we write U ■ f<r - equation (3) gives m 


Hence 


mr “■ ('!)♦"• 
($).-(£), • 


(in; 


irhidi is the third relation. 

h'inally t writing U -r^T-pr = <!■, w c have from equation (4) 

(J)r* Bn,i C?V'*' 

therefore 

(S).-(S).. . 

which i a the fotirih thermodynamic relation. 

345. General Equations.— In the foregoing investigations the 
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only external force acting on the body wae supposed to be a uniform 
normal pressure p, In the general I ease the energy equation will be 

, * * (lj 

which, with the relation rfQ - may be written in the form 

r/U = rd$ - dflV + fc „ , . ( 2 ) 

Now if j and y fie any two independent variable which determine 
the condition of the body, we have 


ami 

•HS)M £)>• 

It is to he remembered, however* that tfW in not jl perfect ilifler- 
*ntia1 T mid that co n^ei pie fitly j is not equal to )+ 

Substituting for *1$ and ti\Y In equation (2} + we have 
consequently 

tfU d$ d W , #U ■■/qi hjT W 

^ =r as"^ “*15”^"^ ■ * ■ (S) 

But Jl’ ia :l perfect dificrentiiil, therefore 


dt r u_<nv \ J / tt$ dw\ 

>?,,[ T ,ij ,i f ) = dA k T ,i a ,h, }■ 

which, since 'f<t> i* alflo ;i puifcct iliirerential, reduces to 


•h dr d$ d MV?\ _ d /d\\'\ 

tfr d*J d if fly dy\ tltf / dy \ *lf )' 


l 1 he right-hand member of i\m equation is termed by Claudius 1 ,l the 
work difference referred to sry/’ and k denoted by the symbol I > s „. 

This nmy be regarded as the general differentia] equation for ^ 
acid when the only force is a uniform external pressure it reduces to 
the equation of Art, 338* 

In the same manner, by eliminating from equations (3), we 
obtain a general differential equal ion for U. Thus 


tf+_ 1/rfU dw\ 

I If c/jt- /" 


~2-H£*£)- 


and consequently;, educe rl$ k a perfect differential, we have 


d /1 r w ^ 1 dv> \ _ tl /1 <HJ l d\\ m \ 
*i[f • t *lr t dx / <te\r dtf t dy y 


CUasiiuSn Mttktnia if Th^ry ttf Htut, p. Il-L 
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which reduce* to 

,/r<ttj dr du = xj/i <i\v \ an ttw \ I 

dxdy ~ etifdx LMt 4 / rfy\r <t* J J 

When the unly external force is a uniform pressure j>, this becomes 

ttrdU _ I It riV StllpM <h ri( Ji r(rf«-j _ 

dx<i</ itjfte L dx dy its ds_] ’ 
and when the variables are f aurl c, this becomes 

. Jr t/tJU dtdU 
f ~ ^rfp “ dp Hr * dr dp ' 


Kjra mjdf» 

1. Apply tlit relation {6} t» prove thflt the dtfbrvnn of the specific htata of a lay 
l^thfiUttee may h e£pr«ftl*d iia iht form 




! tv* 


-m 

to; 


-•(£).(*).[( %)<$).- (£ 1 ( 2 ).} —■* -» 

2„ Provo itmt the nrlio of the idieh-ith' Mid Uotfacnul of atiy ^nab- 

atantT is the (tame m the tsUit> the two apeuilk hcftU, 

[ We hmTO 

BLEtti K r 


**“-'(£)♦* ‘ hdE '=- , (sv)v 


H if lice 


viMILM. 

b, wnw\ ~e h \ {^\ * 

VWt \j» jt WV,V T ). 

in virtue of the thermodynamic tehiliou-. 

Hence 

■J£L(tU) 

(2).(2). a ' 

■The tint member of the right-hand tide h the quantity «r heat required to be 
added to the Mhtu« white its temperature change* by dr. and the volume change* 
by dr nmler constant jir«*ure. Similarly the ascend member is the quantity oflieet 
required to he added while the volume i» kept renstant. The si,hi of the two is the 
whole quantity required when both volume ami prvtBlire vote. 


3, Prove that 
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Otherwise thin 

-*00L*!«•(*).*• 

In th© cn*e of a perfect gas jrt? —Rr> and wa have 
ttQ - d* ^dp 

which, whan rfO=G, gives ^^oooflt] 

■L. Sub-lUisting [bin value of tfit in the equatkOfti dQ ^rfU-r pefr* and dQ^rdp, 
■haw that, p and u being i tide pc adent Variables,. 


i!i> nee deduce the relation 


'(R\ T rip) d/M, r dp)' 


&. If rfQ he the quantity of heat absorbed during an too thermal expansion, prov* 1 
that 

w.ft-tu(2)* 

[This follows from tlt« abova expreuion for r/t^ Ea. 3 h together with ih* 
isflthernsnl condition 

*"(£)*+(£)*“** 

ft. Assuming CUpeyrofl'a equation f^r an iBotharmal transformation, 

whm/{$} i* eome unknown function of the icmpetnturt centigrade, we have, by 
equating this valu^ of dQ to that of Es P fr r 


Uul by Ex. \ t 


thereto^ 


«W£H£).- 


™-\% 


lL]]d 


dQ ” T (*).*' 

which u the second thennddyMmic relation. 

7. Writing the eqniUoa for dQ in the form 

dQ —CViV + fefOp 
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v,-hmi* I ia the latent heat of isothermal exiwoiriuii, prove thu-t 

rip , *iC r efp 


omr. vm 


{The t*| nation E^^wivakTil t« 


Add coflRequeiiEly 

also 

therefore 


it# — " (C^r + Mi-), 


3&\r/ dV\irJ ? 
i/U - C,Wt- T Jde - pd*> 

dr dr { p " 


eotitiequuiatly hy eompaHuon we obtain the rotations in question. Fur j UTlit mass 
of liquid converted at constant temperature into vapour we b&T* 


L =T fS»4 

Cj - r ( rfr i 


». Proto that 

| W< have 3jy lis. 




IS hi 




^=<> + C,£*, 


*- 5 *+S*i 


ttaaoF&ro by dufcMtitulin# for ^ dyi uri? obtain the relation in question. 

rtiiH relation oauipartri with tlwt uf the proced Li a** oMinpk a hows it* that 

I - + (Op " t' r .^ = T^ See Ri, I .; 

l>. Writing the ^ipation for rf(J iii the furtu 

iQ = Cyfr -I- X rfp 3 

prov# that 


_*. do- 

r "~V= 




10. Pro-Ti by iJireet transform ritfan that the aquation 
In equivalent to 


dC, eft* 


“S-MS).©.- 
jiissr^sr'"*".■*»., 


lie 


a nr. 345 

Uriici> to ihu (K| tuition 


THERMODYNAMIC FORMULA 


719 


C* = " t f^ + /( T '. L 


12, Show tJjut the n.-Utluu» 

JfdQ\ ,i F 
dr\dc / ) sir' 

J/rfQ\ Ijy 

(fT\sfi* / / till’’ 

>1 (§Q\ <fy 

<fc\3r }-*<&* 

*re equivalent fonfl* of the Second thermo lyimouc reiatiou, 
IS. life the same mmu^ prove that 


dr\rfj» ) dp\kr ) " " tfr 

d/JQ\ idQ 

/ Tejp* 

^\dr } 


iPit 

T dr* 


ntc equivalent forms of the fourth relation. 
14, Skew Umi 


d/dQ\ d fdQ\ t lfdrdQ dtilQ\ 

*lp\ de } dv\iljt } r\ dp i ' 


I dtr dp dp I 


KW eqiEivuJent forms. or lilts fifth relation, 

15- If 


*nd 

prove that 
And sinu larly if 
|iroVe tbit 


n dfd w\ tf/dfVY\ 
n d/(TW\ tf/dW\ 

“»r4*)-4w> 
“Mas*-*.*)*•• 

JTd /ldW\ <//lrfW\T 

'■" ’TM* dff J rfyi,T xl-f ■ J‘ 


.ilxJyjtxdjfX 

Ifl. Prove that when the only for?f- Is ;i uniform erternal im&nira 


{Wb llBVf 


rig =(S) * + ($¥)/-*++*($)*• 

by the second thennodyuamiu relation, 

SMitly 

by the fourth thermodynamic relation 
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ran 


Eliminating-^ by DMW t>f tb«« two equations, we obtaio iho etpressjon in 
auction. 

In the C«« of * perfect gei lb* « urroaponding eqaatwM art 

ft 

rfQ ^C>lr -t 


dHJ^C^T-ydjrv 


-nip - )- 


I7 r Find iht* relation between the tpeoUc h*ats of n gBA, if the quantity of h**i 
Q req^nd far ft truuafonrifttiim of a gM dependi o&ly upon the initial and final 

BlAtl!BL 

(Wo liava the foregoing oquitnra 

{Cjt - OfQ - Cp^ip + C^/ Fb 


y eDL ,„ If j.s± tbfi com pie U‘ differential of a fu tution cfp and ff r we havo 
rif C,r V_ rf/ V 


(1) 


Thin equation cannot he fialiflAnl if C, and €,*» different ftftujitujti, bul if they be 
rou&hlcrL'd m unknown fund ions of p there H *u infinite immth-r of ftoLnffriiB. 

One of hUtoric importance ift found in the supposition that C p = court, 
thoti oquatton (1) hecnmff* 


m, itc* 

r <Vr J * rfy 


= It 


nr 

C^RlugM+HlpvJ 

F(pej bdiutf an arbitrary function of jrr t ond <ma»quttitly of the t<4Hjieirturo r, 
HoikW, if for the same tempanturo rtfli of the two iftotilln hmlz (the dith-rencc of 
which i* supposed Mflut] liter**™ piuporkioiLEtriy to the logarithm of the volume, 
then beat may be regartM u o ftiibnUana, the presence of which in grater or lea* 
qunnti ty do toiminss the thermal State of a body. Accepti ng th is bypothak, which 
is @iatradkted by *11 the hut*, we m*y artcuM* the quantity of heat in the ran. 
ThM writing F(p») = *'{ **J fir facility, wo have 


tV=ftkff*+*f(jwk 
C # =C f + R=H+H fog *+*"( 

Therefore 

lWQ = C r ifofp+C^ii 

+.W*)+ HfrfP+ K lyg ^n^ +pdf) | 

hence 

Ky " # pr 1 4 Hpr log r p 

fir 

Q e #M + Hr log v, 


iho function * being bdetccniute. 

Curt* ftp r&*A beat« a ^^Uner, uxl cup^quently admitted tint tba specif™ 
heat* iuanMcd *» th* logarithm of the volume. This, however, r-:m*iimi to be 

iMti-4 by eipetlnteet. | 
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IS. Show til at the qundrilatera] urea betweea the I in— -r - ^ r ^ ^ rf« ah J ^ r = i 
*=j3+rf0 id r F * 

i/f */p ofr(f£ 

dpde dvdp* 

*ml hchco Show that wlwn fjumtltic* of heat arc mtHuri in thermal unto 

dr tty *lt d$ 1 
dpdv ~ dt dp ~ J' 

£C£ Equation (&) i Jiv 710 ,} 

1B- Employ the ^nation of Ex. ?( Id prove that 




|Di aiding both rides by r we hare 

4^ Cpf ir dit Cpdr 
dp ~ r tip rfe “ r rfeJ 

whiah, by of the Final ^pL&Uuli of ihi- preceding ox am pie,, reduce! ah re- 

paired*} 

20. Prove that if a he the ttwUklent of upeaskut the element of hnt oammnnt* 
caterf a body may be expressed m the flpmi 


| We hi vr 


rfQ — Cyir wrrdp. 


and by the- fourth thermudynamie retminji thin truufaraii iota the rr^gited 
oppression.} 

33, Prove that 

d( l T k yr)— C i/h +rf 1 ~ atUp, 

22. Deduce th^ relation* — 

dp _ tit dip dr dp 
liV-dil 'ir-.ir tlV 
tlv _ tip dr dip iI t 
dTJ-Wdp dpdU 
dr dp dv dp dr 

<nf-rffF3» dpdd 

dp _ dv dp de dp 

t/r “rfrrftj* 


{Tbe» fellow from equation (B.i, p, , 10 , by taking a< iaduptndent variable* U 

aiad oho of the iguanEilH^ f r p, p, t, [ 

23. [Find the rate at which beet has I a ba supplied to n IX^uid aim iu ordfli- to 
keep the tornpemtntd constant, when thr area is inerensed. 

The energy dj nation in thit* nue in, IfT denote! aurfane LL-iuiian,. 

dtr=^ 4 %dBt 


or 

therefore 


d {U 0r)=-frfr+TdS, 



fdQ\ _ JdT\ 


therefore 
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f n- r the Latent hmt of i& equal to the absolute temperature muliipltfcl by 

Hie rule of dfd»Ht> £>f iurfuM tension vrltli tAnperatint. According l» experiment* 
by Lord Kilrin* heat squired to keep the temperature coaetent is. nqmT*limt 
tu neatly half the work don* in stretching (be film. 

24+ FLnii »n expreaek'h for the difference Lotinra tlta specific beat of a imbitKDdt^ 
at eniVLtant prnwJHif p and dt c Hi n stent ettnoaphefic pressure. 

Hv the fourth thermodynamic relation 


lliervfoit 


nr 

therefore 

therefore 


tPt _ fd**\ 

<tpdr~ W); 

%\ *) " ~ T Wl' 



C, c,= 



25, Sliuw timl tin* iliffi'Wiii'i’ i>r tin* &|wc i Jl D liest* of n Solkl cun In: reprtwnted 
1 <v tin* i iillation 

^ “ V* - F f 


where \ id the eoclliciaut oflinear eipan.d an, ntid K (he com pt nihility. 
We have (Mf p. JtSS-) 



tlwrafoTr 

_ l /dp \ -j dy \ 

k -Adt} p \d,}; 

dudi tllrirtiisg- the weoud thennodynicuic equation by the fourth h 


there foit 


(SX- (£).(!).• 

=^-C r . . 


Ex. 1 J.] 




SECTION V 

CWAJMJtt OF .STATU 

346. The Fundamental Equations. -The general phenomena 
attending the change of state of matter Imve been described in 
Chapter \ and we shall now consider them from the point of view 
of the thermodynamic theory, and deduce the laws applying to the 
passage of matter from any one of its three typical stale* to any other. 
Our results apply alike to the passage from the liquid to the solid state, 
or from either of these states to the condition of saturated vapour; bus 
for the sake of definiteness wo may keep in view one particular change 
of state, say that of a liquid into its saturated vapotir. The character- 
istic of such a transformation is that the pressure depends on the 
temperature atone, and not on the volume, so that p and r cannot be 
chosen as independent variables defining the condition of the substance. 

Let us take the ease of a unit mas* of any substance existing J)a , tlv 
in one state (say liquid) artel partly in another (saturated vapour), and 
let Pj and r a be the specific volumes of the substance in the first and 
second states restively. Thor, if the quantity of matter it. the 
second stale bo m, the quantity in the first state will be I - and 
tliu whoU volume uf the mixture will be 

C-(1 - mjTb -t- )Ftr„ 

'' i,e " , ?> ov 1 T t «•« known, i, and r, can be expressed in 

term* of them, and the quantity ,» can he determined. When :t 
further quantity ,lm of the mass changes state, the quantity of boat 
necessary to effect the transformation is dQ [Am, where L is the 
latent heat of change of state, and in this case the pressure is 
supposed constant, so that the volume r of the mass changes accord- 
iugly- If, however, the whole volume v lie kept constant, the 
transformation of dm will entail a change of temperature and a 
corresponding change of pressure throughout the muss; so that if s, 
be ihe specific heat of the substance in she first state, and that in 
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the second, ft* explained below, the Lmisfonnatiun of a mall quantity 
dm of the substance will produce a wmnll change of temperature 
throughout the whole mass* and the quantity of beat necessary to the 
operation will be 

rfQ^Lnhfa + \* t {l + . . + (1) 


But dQ = rdtf,, and conseqti&iitly 

r T T 

We have thus the otherwise obvious relations 3 

(&),-?• ■-(?).- ’■ |, -, ,+w ‘ 


(2) 

I 

m 


Now d$ is a 1 perfect differential &ud therefore theae equations give us 


that if. 



W 


The first of the equations (3) is merely a statement of the fact that 
under constant pressure (or temperature) -iQ _ Uim, and it at once 
lends to Another fundaiaentill equation. For since the whole change 
uf volume |Mir unit mas* in passing from one state to the other is 
r 4 - r |T we have for the change of volume, w r hen the quantity dm is 
transformed under constant jn-q.-wiir.-, dr. = (tv ~ r } }dm. Hence the first 
of the equations (3) gives 




$K- 


or by the second thermodynamic relation (Art. 340). 



If the tifa&ngc of st !l tc takes place in such a way that p i§ independent 
of \\ the suffix may l>e omitted in dp dr. 

Equations (4) slid {5) are the fundamental thermodynamic formula! 
applying to the parage of a substance from miy one of the threo states 
of matter to any other, whether it, be liquefaction, vaporisation, or 
sublimation. The qtianlitiw s x and ^ are the specific beafa of the 
substance in the two mates under the conditions of pressure and volume 
At which the transformation takes place, and fa the operation considered 
above they agree neither with the specific heat at constant volume nor 
with that under constant pressure ; but in the ease of ihe liquid or solid 
the ejwcifie heal, under constant pressure may be used without serious 

1 Olivia™, MP « -he t i, can*lam w bic], ti tLr first nfatfen, 

ind wbtn hi is consult efQ^i.11 -m)dT+^ m fr^nfc, which is tb« tmmi. 


Ah r- w " CHANGE OK STATK 735 

error, ns the dibit at ion and external work are small, j f , the easy of 
the saturated vapour, however, the specific heat employed here h the 
quantity of heat required to raise the temperature of unit mass of 
the saturated vapour one degree, while the pressure is so varied that 
the muss is kept at the saturation point throughout (he operation, 
J his quantity will he considered more fully later on (p, 72 d), 

If ikssiwdfic heats of the substance be known in both Btntoe, then 
equation (4) furnishes us with a knowledge of the variations of the 
latent heat with temperature, or if the specific heat m one state be 
known, and if the latent heat be known as a function of the tempera¬ 
ture, the equation may be employed to determine the specific boat of 
the substance in the other state. 

On the other hand, if the pressure of the saturated vapour be 
known in terms of the temperature, equation ( 5 ) yields the iqwcific 
volume (or density) of the saturated vapour at all tomjwrature* when 
the density of the liquid and the latent heat are known, 1 So also, 
since L wild v are both positive, it follows that if r,, is greater than r,’ 
then dp and th must have the same Bign, but if q be les* than r lT then 
>lp and <h must have opjioRite signs. In other words, if a substance 
Ijasses from one state to another in which the specific volume is greater, 
then an increase of pressure raises the temperature at which this 
transformation will take place. This happens in the ease of liquids 
[Missing into vapour, nr in tho ease of solids, which expand in melting, 
and is expressed by saying that increase of pressure raises the boiling 
point or melting point. If, however, the substance contracts in 
[Hissing from the first state to the second, then if dp be positive dt 
will be negative, ami an increase of pressure will lower the tempera- 
ture at which the transformation can occur. A notable example of 
this occurs in the case of ice (Art. ITT), w hich we have seen contracts 
in melting, and consequently has its melting point lowered by increase 
of pressure. The dynamical theory thus leads u.h to anticipate ail the 
phenomena treated of in Art, 178, 

1 ClmMiill It*l deduced the value-' or the spwifie volume for density) of ealnrmted 
-IfAiiL at various tern [writ urea by tin* method, and has shown [hot K r*vc errors are 
istoodDHd when the deemily of a saturated Vapour is deduced frum that or the 
superheated vapour, under the supposition that it obeys the laws ol' a perfect a, 
(■Vte/tiMiail Thttr,, oj Ilmt, p. HJ). In this formula L it measured in work unit*, 

“ tljJt if ftl1 t! "' quantities involved have been determined experittientally, the 
formula yields the value of the dynamical equivalent, L being known in thermal 
Unit-, In this manner 11. f’crtt [.•Jim. * CAimie, <&• B (- r „ t oin. sIlL p. 14 J, ias$fc 
having determined ihedndiitie-i of saturated water vapour and ether vapour, deduced 
the value 421 for J, thru verifying the formula. In a similar manner it has been 
verified by At. Mathias fW.*u. dr Chimin 6» m-t., tom. iii, p. 69, i.jpo;. Fur 
uiiDiher mode of vartfiottlon, see Bertrand's TAmiwdyaamic*, p us. 
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When r if — r s the equation shows that either L = 0 or else <£p/efr is 
infinite^ The former condition is approached in the case of a liquid 
passing into vapour when the temperature approaches that of the 
critical point; and in the case of fusion* where t 2 - r E is small, the 
coefficient of increase of pressure with temperature is large, and the 
latter condition h approached. 


Examples 

1, Find itiiJ lowering of th^ tri-eiring jiuLiit Ilf water per amsoaphDrr idar«tM &f 
preuuTf, taking the Intent Ilcm of ice ta lie $0, th*i speeilie volume of i« being 
1*007, and eh*! of water *i O’ C. being unity. 

JEero we have r. r^ = 0’^r t tsS"3j dji^lOSS grammes, while L e&ptestttd ill 
dynamical UdiU i* SO x 4l?M, brrwfl 

$Q*4 H i7Ul} 

■m - =oi>7 t 


l JT 


10M K ?7»3<0’0S7__ „ 


i In tin 1 l*.™ of l^rattin ike latent heat in thermal HU it* h r L = 0 J TJ,% P 

r=325'7 h fllfi tbo change of U* £ 14 * rat arc per atUHSplittt in £:]]« melting paint. 

[Jv*. jT=Qim. 

EipeHmontfl on tliii subitems guv* 1 M. UattaLH 1 a menu change of 0 -oa CL l*jr 

atmoepliore, 

3. In the mae at naphttalenr, if tin; Intent heat in thermal wnita = 35 p iti» 
y\ r i = O’Hff. r=3f>2'2 1 hud the Huuigii in the malting point aliueaphon!. 

jm. rfr = 0 ‘0S5. 

A& the equations (4) and (5) are of fundamental im^rtance, the 
following instructive method of deducing them ie added* 

P 



Q 


m. 


v 


L«t AU and liC (Tig. 2U) represent the bothcmuil lines com 

1 A. Bat Lei k Jturxal ,h Phi w. tain. vL Co. 1 *^ 7 . 
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spondiug to 1 tvo infinitely close temperatures r And T • ilr, Along the 
[me AB the substance is all in the liquid state, and along the Hue Cl> 
't i» all in the condition of Unrated vapour. Sow if a unit mass of 
the substance be supposed to describe the cycle A BCD, the quantity 
of heat absorbed in passing from A to 15 will lie *,</,, and the quantity 
given Out in |iusijiig from C to D will he «A, so that if L lm the late lit 
heat at the tempera Litre T , that at the temperature r + dr will lie 


and the total quantity of heat Absorbed during the cycle will be 

HQ-i**fc+~ L= (*, - ^)rfr. 

lint ia the equivalent of the e*t*nal wort done—that is, 
of the area of the cycle, the length of which i» r„ - S i, H i rjJ 
breadth 
Hence 

Cunsequeinly w& have 

h ~ '^ + S =(r » -,, i ) (s), * • • • !«) 

lurthei, the change of entropy must be zero, since the substance has 
returned to its initial condition, therefore 


j Jfl-i 

»**.«*. L+ ^r 

- r T t ■ iVr 




<il L <i/L\ 


which is the same as equation (4). Combining this with iti) we obtain 

(5), or 


L rf|j nfL 


which expresses the two fundaments! equations. 

347. Internal and External Latent Heats— When change of 
-state occurs with change of volume the heat necessary to the trans¬ 
formation is the sum of two parts: one the equivalent of the external 
wort done while the volume change ; and the other, which is some¬ 
times called the “true latent heat/’ is spent in altering the internal 
energy of the substance. If tho transformation takes place under 
a uniform pressure p, the heat spent in external work, or the external 
latent heat, is 
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and consequently the bent spent in doing inter mil work, or the internal 
latent heat, is 

ur 

Ui = rH-ti) !;(*). 

Thus (or water At UOQ C. f L,~ 40*21, ami L[= 490'29. 

348. Specific Heal of Saturated Vapour.—We now return to the 
consideration of the fundamental equation 1), which connects the 
difference of the specific heats with the temperature nnd the latent 
heat of change of state. In the ease of the liquid and solid stales the 
specific ho at a commonly considered are positive quantities, and the 
ordinary specific heat under constant pressure af the so]id or liquid 
at the tinipcraiore in question may he used without appreciable error 
in dealing with this equal!cun In the case of the saturated vapour T 
however, the qiccifk heat involved i* neither that at constant pressure 
nor yet that at constant volume r but is the quantity of heat supplier 1 
to a unit inns* of the saturated vapour when its temperature is raised 
1 C. t while at the same time the pressure and volume are varied in 
such a manner that the whole mass remains saturated. 

Under such conditions the quantity of heat supplied will depend 
upon the amount of work done on or by the auhsuuce, while its 
volume i* varied under pressure, so as to beep it saturated, and, as 
already jHjioted out (Are. 132), the qiecific heat under such eireum- 
stance^ may have any valne T positive or negative, depending on the 
nature of the substance and the temperature in question. We must 
not lie surprised, therefore, if we hud that the specific heat* of some 
saturated vapours are positive while other! are negative, or that 
the specific heat of the *ame saturated vapour i a positive at some 
temperatures and negative at others. 

The meaning of the specific heat of a substance under certain 
conditions being positive is that, in order to change the temperature 
of unit nuvsfl of the substance 1 €. under the given conditions, a 

certain quantity of heat must be communicated to ii white external 
work is done on or by the substance according to the nature of the 
given conditions, while if ihe sj>ecifie heat is negative the external 
work, which most be done on the substance in consequence of the 
given conditions, h more than sufficient to raise the temperature of 
the mass 1 C-, and therefore heat must he uken from the substance 
in order that the temperature may not rise above the required point. 

Consequently, when it is said that the specific heat of a saturated 
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vapour of some given substance k negative, it is in be inferred that 
tie work spent in compressiDg any mass of the saturated vapour to the 
volume which the same mass would occupy when existing as aal mated 
vapour at a temperature I higher, would if coca verted into heat bo 
more than sufficient to raise the temperature of the mass t (X III 
other words! the internal energy of a unit mass of the vapour at w 
exceeds the internal energy of a unit mass at a temperature J lower 
by a quantity which k lets than the work required to compress the 
mass at the lower temperature into the volume occupied at the higher. 
Our fundamental equation 




<fL_ L 
• ir ? 


shows us that s t may bo either positive or negative according to tin- 
magnitudes of the quantities involved in the right-hand member, and 
if we use the equation of Ex, 20* p- 721, 

d Q -- a^h r mfy, 

we are led to the same conclusion t for in the case of a saturated 
vapoury b a function of t alone, and consequently we may write 

so that we have for the specific h&at 

dr " C * atT dr> 

a quantity which may be either positive or negative, 

Aa an example wo shall consider the important and interesting 
pise of water vapour. For this substance Kcgnaufc found* as explained 
in Art, 197, for the total heat Q at any temperature ^ 


Q-L+ 


jit** 


Mtf-64 O aMS 


W 


where s is the mean specific heat of water between 0 and §\ Hence 

j tffl* 


and for water 
i here fare 1 


r=i + e ocoo M + y 

l ~ sos'5 - o-oostf - o ooooaer-' - imwmQW. 


1 Ctnu-aiiia nsfifl Thu shorter 

L ^ GOT - 07 <JStf h 


^-0‘3oa 


m: - □•To-* 
•fix-i t* " T 


itmi Kac^e 
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But by (l)j if *h bo t&keu cqunl to iS m iiecordamcfi with the equation 
t = 27 % + 0 (p. 6tf9), we have 

d . L +*= 0-305, 

«r 

und hcnt-e by substitution in ihe fundamental formula we find for the 
saturated vapour 

_ eoflf. Offt ft# -htftyOtf 1 -o-oockkhw 

*,=o*m - m ^ 9 ——* 

which is obviously DOgalive for any moderate value of #_ 

The following table con tains the specific heats of the under- 
mentioned nnUirated vapours, as deduced by ClauaiuB from the results 
of Eegnanlt T > experiments* using the fuudntnenuil formula (4):— 


Ttffnjrf'rt.tmw. 

o* Cl 


iur. i^kt. 

Water vajfflur , , + H 

-rai* 

t-465 

- 1 *13S 00?e 

Ether. 

*01057 

*0-1222 

+ 0-1303 +0-1344 

BukiipMija uf^arboti 

-oim 

0*1600 

OU40S - 0+1325 

Lilalorcifonii . , , r , , 

-010711 

-0-0519 

-0-0153 -101)155 

Hicbtoricl ? ef Carl » n 

- ODU'J 

_ 

- 0-0210 

-o-oow -00015 

A^tone 0 0-.., 

- o vm 

- o« 

- 0-0515 ■ -o-ossa 


The foregoing table *bowe that the specific heat of saturated water 
vapour is negative 1 at all moderate temperatures, and that within the 
*ume range the specific heat of ether vapour is positive. 


-—-JR 

Whfcb git*" vulnra wtnm dr.Mlj with tW dedueed from the leneer einmsion 
1 Tht fuel that ill* *|«oific be* ofsuumtel on*, vapour i, 4 n-ntivo ».. 

™ lilKovmd nmnilloncooilT l<j It ml jtir ami CUuiiiw in l«5o. Pnrioulv the 
been trralcf 1 from the |«>i,it of view of the color* thoory, ncfler djL lu 
vrliich the low hmt lib* ih, the quantity of hoot token in by 4 1y.lv in 

i-f “<I f™“ * <*'“ l " it “ 1 l " * l*"> -1 ^iUon) depends 2\j £ A.IpftW 
andfiriol ourtr., «d m.y there 0,0 be win|d.tcl, a. , fcmtb.n of the 

vanobleE wlncll dahno the eowhi.0,, of the My, deeding in now.™ h 
motiuer in which the oI.IhUmo |*«« from the initial to the final s t„'. T J,i* ia 
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The numbers further show that the veiliie of this quantity 
upprouebe* ^ero in the em±e of water vapour us the temperature rises, 
and in the ease of ether m the temperature falls. We art thus led to 
siispeet that for each of these substances there i* a toiupanitiue at 
which the specific heat of the saturated vapour vanishes* and that 
probably beyond this temperature an inversion occurs, and the specific Juremon. 
heat change* sign, becoming positive in the case of water vapour and 
negative in the c^iae of ether. This inversion is shown to occur 
actually in the ease of chloroform, the specific heat of the vapour being 
positive above* and negative below, the temperature 1B3' J C. We may 
therefore conclude that the specific heat of the saturated vapour of 
any substance may he either positive or negative according to the 
temperature. When the specific heat of n saturated vapour is negative 
adiabatic explosion will he accompanied by pu t nil condensation* for ESWt or 
if wo suppose the mass to expand until its temperature bills by any 
given amount, a quantity of heat must be added to it, in order that 
it may remain just saturated at the lower temperature* and if thi* 
quantity be not supplied condensation must, take place. In the same 
manner it follows that when the specific heat of a saturated vapour h 
positive, heat must bo taken away from it, in order that it may 


expressed by raying that Ua perfect differential* ami hence, fru-ert equation (1> # 
Art. 346, we have 


*IL 

dr 


d 

"as^ v * + ^ tI 


which gives 


dh 


0) 


Now Wat I, who WM tho UmL Lu publish nnydistinet views on this subject, waa IcJ 
hy hi* experiment* to the conclusion that ttw HUS of the free and latent heitl is 
oonstant { Watt's I-aw r p, StHJ, and thil iiixpm«d by [lie equitioD 

L + Js^r-wiHt, cr . (It) 

This caitihincil with (I) leads to ilao concludcii that % i* xcro, a mult which was 
tong believed to be true, and was ei|irussHl by Hying that if a sal urn Uni vnjwur 
changes it* Volume Lli rt ve**el impermeable |o beat it always remains saturated. 

eijHiriirujntH (Art. 107)* however, proved that Witfi law was false, wild 

that 

‘ f }‘ 4 i, =0-305, 

which, pmhimd with (1), led to tlie co&Fliudon that for water vAj^ur i 

positive 1 quantity. Hum the idea aro-H® that if uturated fit earn Is imiu}>resse4, heat 
juciat be supplied to it iti Addition to that geaemtod hy the eouipression, in older 
thftt it may nmutQ throughout at the salurnti^ii [toint, and conversely, if saturated 
alcaiu be allowed to cxp'lid in order to cod! it, so that it may remain *atu rated 
during tbu ejcjmnsLon, a [oiiEivo flauLity of hunt In Lit be abstracted i'nmi it. 
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re akin saturated as it coots, consequently during adiabatic expansion 
the vapour nonet become superheated. 

Tile fact that the specific heat of water vapour is negative is of 
particular interest on account of its imjiortunce in the theory of the 
stcnni-engine, and in 1BG2 Him verified experimentally that the 
sudden adiabatic expansion of dry saturated steam is accompanied by 
condensation. He allowed steam to pass gently from n boiler, in 
wliieli it was generated under a pressure of 5 atmos,, into a long 
copper cylinder, the ends of which were closed with parallel plates of 
glass. The steam was allowed to enter this cylinder until ail the air 
and condensed water were driven out and the walls had attained the 
( temperature of the steam. The exit tap of the cylinder was then shut 
and connection with the lioiler w*as cut off. The cylinder was thus 
filled with dry saturated vapour at a pressure of S atnios., and when 
looted through from end to end appeared quite dear. The exit tap 
being suddenly opened, the pressure at once fell, and a dense cloud 
tor [lie'll within the cylinder, which rendered it opaque to nn observer 
looking through from end to end. This cloud, however, soon die- 
appeared as the vapour, now at 100 C. f rapidly absorbed heat from 
the wall* of the cylinder (previously at 162' C.), No such condensa¬ 
tion could be obtained when ether vapour was treated in the same 
way, but, on the other hand, this substance exhibited condensation 
when suddenly compressed. 

1 he.-c experiment* were subsequently repeated with an improved 
form of apparatus by M, Caring The cylinder was connected with 
another in which a piston worked, and the whole was placed in an oii- 
l»flth, the temperature of which could be varied at pleasure, By this 
arrangement saturated vapour in one cylinder could bo allow-td to 
esiMind suddenly into the other, or, when occupying both, could ho 
suddenly compressed by moving the piston. A cloud was always 
formed by expansion in the case of steam but never by compression, 
and the same result was obtained with bisulphide of carbon, On ihc 
other hand, ether vapour always condensed during compression but 
never during expansion, showing that it* temperature of inversion as 
in the case of steam, was not within the limits of the experiments. 
In the case of chloroform the temperature of inversion appeared to be 
between 130 and I3ff C.. and in the case of ben sene between lib 
\ind l 30 G* 

From some experiment* on the latent heats of tile easily liquefiable 
gases -carbon dioxide, sulphurous acid, and protoxide of'nitrogen- 

®” 4 " * H *- f * * • «*■*■ Jtata, e. 
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M. Mathias concludes that, as the temperature approaches that of 
the critical point, the specific heat of every saturated vapour becomes 
negative, and increases indefinitely in absolute value. For the silk 
stances examined it apij&ared that the latent beat of vaporisation 
decreases as the temperature rises, and ultimately vanishes, as would 
be expected, at the critical point, so that if a curve be constructed, 
having latent heats lor ordinates and temperatures for abscissas, this 
curve will cut the axis of abscissa at a point corresponding to the 
critical temperature. It was further found that this curve intersects 
the axis at right angle* in all the eases examined, and consequently at 
the critical point we have 

1 = 0, unfits -<**„ 

Hence it follows from the equal.ion 


that* at the critical temperature, wo have - « a 

If all substances behave in thin way, then, in the neighbourhood 
of the critical point, the specific heat is negative for all saturated 
vapours. Now in a]] known cases s a increases with rise of temperature 
and by the foregoing it decreases to - <* at the critical point, and 
muat therefore pass through a maximum value at some temperature 
below the critical point. CQnaoquen% if there be a point of inversion Tw» i mt *. 
at ordinary temperatures at which s ± passes from negative to positive 
vahies, there must also be a second point of inversion below the 
critical temperature at which it changes from positive to negative 
There may then be two points of inversion, but if only one point of 
inversion exist* it must be ihe latter. 

The negative value of the specific heat of steam, and the con. 
sequent condensation of this vapour when allowed to expand, appeared 
at first sight inconsistent with the long-known paradox that liigfa- 
prassure steam escaping from a small orifice into the air will not buns 
the bind, or even the face ; while, on the contrary, low-pressure 
steam (winch is consequently at a lower temperature) inflicts horrible 
burns. Thia difficulty wits explained by Lord Kelvin thus;* “The 
gtcam t in rushing through the orifice, produces mechanical effect which 
is immediately wasted in tiuicl friction* and consequently reconverted 
into heat, eo that I he issuing steam at the atmospheric pressurtf would 
have to part with as much heat to convert it into water at the tem¬ 
perature of 100". as it would have had to part with to have been 

1 Huttons, dt Chimfc t£ d* ph ¥ $. 5*r. T tom. XXL f. 13P0. 

* IVuiiiluiaJ Theory of ./ft of. 
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coml ei i lsw 1 at the high pressure, and then cooled down to lOO t which, 
for n pound of steam initially Saturated at the temperature t r is by 
Regmuilt's modification of Wattes law '305 (f — 100} more heal than a 
pound of saturated steam at 100 would have to part with to be 
reduced to the same state ; and the issuing steam must, therefore, be 
above JGQ J in tern] icrat tiro* and dry." The thermal effect of Aunt 
friction alluded to in this statement is considered in Art. 304, 

349- The Triple Point.—When an enclosure is filled by a sub¬ 
stance which is partly liquid, and partly in the state of saturated 
vapour, the pressure is a function of the temperature alone, and when 
the equation connecting them is known in some form, such as 

p**m* 

the relation between pressure acid temperature may be represented 
graphically by a curve, such as ihat shown in Fig. 139, This curve 
gives the pressure corresponding to any temperature when the liquid 
and vapour arc in contact, and in stable equilibrium together. It is 
the curve of maximum vapour pressure, and is termed (he steam line. 1 

In the fijuito ns a n nor, if an enclosure be fillet) by a substance partly 
liquid and partly solid, and if the two states are in stable equilibrium 
together, the temperature of the mixture is that at which the solid 
melts under the pressure within the enclosure. This pressure Is a3so 
completely determined by the temperature, and the relation connecting 
them may 1 w represented graphically by a curve, Thi* curve is the 
line of fusion and is called fkt ire line. 

So also a solid may exist in * table equilibrium with it* vapour, 
and we have thus a third curve which connects the temperature and 
pressure of a substance when existing partly in the solid state, and 
partly i» condition of vapour. This curve is called the hcar.fmt 
line (Fig. 225). 

From his experiments on the pressures of the saturated vapours of 
water substance above and Iks low 0* C. t Regnant concluded that in 
passing from the vapour of the liquid to that of the solid there k no 
appreciable change in the vapour-prenun curve, and that consequently 
the hoar frost line i* simply a continuation of the steam Um. The 


i Th* term «*™i line *]« brei. to tta eum (Fig. UA tmrwt C3 

W lneh wptMW.U tfcr H«tin b.twetn tb. Ml<i ?£ 

Mtur^'d Th»t™d not 1«4 IO „ ly wnfod,*, a* „» , OD1 ^t, n rf( . a „ ra 

"* ' ““ l*-**** tmgmtan. Tb* fc n „ir fclV 

tl "' ft”* r ‘ *"J lht ' k ‘ U ' r ths «« tl'O '.fame 9 o" Je 

f»l istc*m ]lh? rill the diaracUnujc &urf*ce h 1 ^ ,fl 1 f 

1 Itotfiumll. M£m r iff t'A&irf. tom, xxvi. |i, ?5] r 
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difference between the vapour pnwures of water and ice at 0 CJ, in, 
however, much too small to he placed in evidence hy these experi¬ 
ments, and it w ns subsequently shown by Kirchhoff’ that the steam 
line and the hoar frost line are not continuous, but are distinct curves, 
ami intersect each other at an angle- Professor James Thomson * then 
announced the theorem that the point of intersection of these curve* 
is situated on the ice line; or, in other words, that the three curves 
intersect in a common point, and this was afterwards proved by M. 
frontier to follow as a consequence of the principles of thermodynamic* 
(Art. 355), 

This theorem is merely the statement of the fact that there is a 
temperature and pressure for which the three states—solid, liquid. 



and vapour—can exist simultaneously together in equilibrium. For 
example, there is a certain temperature and pressure at which water 
substance may exist partly as ice, partly as water, ami partly m vapour, 
so that the lower part of a closet! vessel containing the mix) lire will 
be filled with water in which ice floats, while the upper part is filled 
with saturated vapour, the pressure within the vessel being that of 
water vapour at the temperature of the mixture—a temperature 
which exceeds Q C, by a small fraction of a degree- This temperature 
and pressure are those which determine the triple point, and at this 
temiwrature the pressure of the saturated vapour of the liquid is the 
same as that, of the solid, but at no other. 

The three curves shown in Fig- 225 roughly represent the two 
vapour-pressure lines intersecting at a point P on the line of fusion. 
This [joint is the triple point fur the substance to which the curves 
J KirchImff, i'iMjjf. vfww. iow- diL + 

* - F - Thomson, PliiL -Vuy, £ 5 ), v W L ijvii. ju 447* 
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belong, and its coordinates are tho temperature arid pressure of the 
triple point. In order to prove that these curves are distinct, it b 
only noHSBAty to show that the tangents to them at P are inclined at 
different angles to the axis 00, thus denoting the three states—solid, 
liquid, and vapour—by the sulKxes I. % 3 respectively, and denoting 
the difference of the specific volumes by u t sa that w sa = (r s - r*), we 
have by formula (5), Art, 346, if t he the absolute temperature of the 
triple point 

f*E\ n L m _b= fdp\ _ Ig, 

\dt j a th t? ' \tb /t, ' V rfr /„ “ TIHa" 

But dp,:dr is the trigonometdeal tangent, of the angle which the tangent 
to the curve makes with the axis 00, and as the latent heat?? and 
differences of specific volume are in general different for the three 
changes of state, it follows that the three curves are Inclined to each 
other at definite angles at l\ ThuE the difference of the trigono¬ 
metrical tangents of the inclinations of the hoar-frost line and the 
steam line at P to tho axis 00 is 



Now at the triple point, and nowhere cist (see p. 750), 

bii — bit + bfi* 

while h i# = ii, 9 + u^, but since u ls Is small compared with w t!I and 
we may write -jq s = and we obtain 


Exerri&s 


1- Determine entropy nw\ fetrtuil tl &F a mix tuft of liquid &nd 

asttii rail'd vapour, 

(Lot till?™ tw nml rn A» parilj liquid aud partly sa to mt«l vapour, and hi ^ lw 
the entropy nf thf lnw when it u all liquid At the paint A 1 Fig. -.iSifi. ' At anv mint 
M let tho mass of vapour bo «i, wink ibrt nf liquid Eh 1 -r*, then tins eb«L£* of 
cntrojpy in pawing from A to M (considering the |aih A liM) la ohfipiuily* 




■ T |dr J iffl 

T 

T 


(t) 


1 Till ^wHon ■ Itc few dfdueed d ircct Ij from tho oqmtlon or Art . SlU, For 

we liave 

eW = »M t + fX - m^tfr * Liw, = +. J l/r 
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wbere i k i* ill d. apcciliD limit of 
the lif\u\d atnte aEoDg A B *w\ r 
the t«ij]|wrat(LT^ ii-f f Ita isothermal 
BMC. If $ be ittppojKfd ooiiiUint 
th' point M will trace out ii.n 
mllabafii? line* ami the differential 
equation of IEii-jm 1 linen will tw 


P 


d 

- + . 

r dt 



= 0 




The change yf entropy of the ujAba 
iii piling from Ihf condition M 
lo aeiy other condition H' will com 
■ftgDcntly 1 hj 




|dr L yj 

+ -—f 

T 



n K . a* 


Lm 

T 


i 




(« 


f ud » ltlJ A 1 ' He on ilio Earns adiabatic Lite Hght-hiuad member of tliia equation 
ii <N|Un] to aero. 

To detsrame the iutenul energy we hoee, fur i hi- quantity of Iient absorbed in 
from A lo M along ifib |Mith ABM, 


V= fh'iT+hm .( 4 ) 

while the eternal work iIgiib during thU trajaafortuatfoEi is 

Vf= I prltt+pii-^ .(6) 

1 

whera ^ U the stifle volume of the liquid and v the whole volume of the mEstura 
nt N< rtbe temperature ni 11, mid r h the temperature fcl A, the in tegral being take El 
along the line All 
Has co 

U - tr, =q- W ^/^ifr- fprfkr, ■+■ Lm Xtf- P|) ■ - „ (0) 

' T * 

But sine* e, U pnwtfcft31y independent of tfwr |n-**sure we may write dn, = ^ r 'rfr, ami 

ttT 

ainCB r=!'l - m)v t -M»% we have 

? ~ r, ~ m{% - e,) = in k' ^p 

cotiuquoutly (ft) becomes 

U - U,= [(*, -J-i l )jr + Lw( l - p/t^j ... (7) 

which la CIai1*1u* # expression. 


by the fundamentAl iMiLLuttari 


—o- 

sHN^r)*- 


Hrjiice 
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If, however, we integrate by Jiftrti, {£) Ikhkhu^j 

w =/* |, -^ r *- l v ^P (*) 

ff 

wht-re j^, r« refer to till- jksldI A, arid jh, *■ w the point IL JI«nWj for tin: clumg* 
of i iLt^rrLn 1 energy, wo hftVtf 


IT - tr f = 4 - W - Ljfp - (jn» + 


| (*>♦<&)* 


!*> 


acid the clunga of the internal energy lit jk&asing front M to any other condition 

M J b 

^T 1 

U' - U - L'm' - Ljh - (jiV - yv\ + 


j (' iH ' r £) ,/r ‘ 


If M uii’l tt ? ho of] tSi£ HA* niJiuluLic Q = 0 * and the righ L-hatu! membflr of this 
equation wprMOBta the fraternal wort done.) 

2 . Prove that HQ adiabatic increase of ienijH-mLir& will diminish or increase the 
quantity of vapour in a mixture o t liquid and vapour; or, in other wordi p cans* 
comlonpitiDD or vaporisation, according m the quantity 

M,(l + 

b positive or negative, Ml being Like mass of vapour per unit masa of the rabtUnX 
| Til*i ng the mkH «f the ns is lure to ho unity, we liave for any small trans¬ 
formation 

1(1 - WK T IM,)^T + Upt, 

and ^ince the trana formation in question is adiabatic wo have r^ = t> h *nd com 

apjiirutiy 


Hence, if the quantity within the bracket b positive dm and dr have ophite sign^ 
but if tilt# quantity i& negative «f«l md dr Slave the hAnur #ign. That is, mi increase* 
wills f V. Sian ( l ■ Fn>i +»M| ■■ nrgativt^ and decrease u r increaivs if thin quantity 
u positive.} 

;S. A mixture of liquid and vapour expands *diabatfaa%, determine the idiengc 
id the relaiito projioTtiona of the liquid and vapour. 

18to» the entropy L# constant equation ft) of El 1 yives, *hice j, is practically 
eou^tunt. 


w'J# 



(1) 


Now if rlw the volume of the mixture at t wi? have 

(!-■*K +•«**=»,+ m(r, • P,)-r, + 

«u tliat 

V • ■ . 

awl equation (,1} Uneonira 

l * ~ "’’{ifr) =<• r *>J - * . 


« 
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whtsn p ami P] am known a* ftifteLiOtu of r, thi* iHjiiatiott given thr &eW tempera* 
tow r J in term# of th« hew volume r p the original volume *\ «nJ the original 
temp rut li re r. 

If clan latent heat at t i« given,. the flint turm of iho right-hand member of (ft) 
maybeWd iii it* original form m L/r, ] 

4 . A unit mas* of Saturated steam eh allowed to expand adiatati&ll|v p determine 
when the maximum condemnation lias taken place, 

{By Rx r 2 enndepaa tion will i-ease when like imw m of Ya|rtur remaining satifllLe* 
the equation 

(1 - -|-wf A. = 0, 

or 


m 


J, *|T 


This result may aUo b« qbtainmj from equation {W} of Ek. 3 hy ftiprcsddg that & in 
mmUut 4iir| m w maximum. In the cat* *4 deant* if 


L=300^70Gr, 

wb 13 mi for thr-jiqa^bium condensation 


rt -800^ 

6* A Tuiatnra half water ami half staam at 150" C. U chrluo-ij w EthtJi a nofc* 
mm | Lif ting eylindw and allows I tn cx]«4nd p pushing iwok 4 pblorq determine 
what hajijH'n*. 

{If m bft thu mtitt uF Vaj-olir jmaont At aft>‘ in-italit, the whole moats of ihc 
mixture being unity, then evaporation of OOhdcnsntiou will ocrur tireording as 

. Jj+«(%-#,) 

Is positive or negative. Now for water TapmtF wo havt tins fomm U 

L=SD0-0’7Q&n 

Therefore 

£00 


d ; L. 


so that at the temperature Ui€ C- we have, taking j, = 1. ™.ihJ maj, 
*, + *(#!-j|) = ]-^=0-U5<, 


which h a [roafctive quantity p eon*tqnrntly evaporation takbg plofo *> the eXjuUiiimj 

proowia* 

Thin might also be seen at tnjcn Ft«ni the final equation of tins preceding 
i-x.i 1111■]«•. For tIn 1 aiuount of vajinur prerent when the iimixF inurii > • u]>iciuiation ha-* 
403 

taken place at 150 *l« m = ‘5t2ft* utid tills . .F* I he quantity in mir |-a-ub]>t m + 

ilmre mon- vapour will form on expansion, until it* quantity i* Hu.br 

-.tttutiug this in equation [l) p Ex. 3 , w, obtain an equation whwli gives r the 
t^mperatu re at wh idi e vAporation cca»» and (smderwation hegine. Tb is tom perat sire 
Is ninrsnL rJy'C. Cnntlenjsution then takes pSfcC^ and the ratio of ihr v,i]cujr Er» thr 
liquid will again become unity nt a ti-m^ralure of ahe^ut fll V, \ 

Show that when the hpacific hmt of a ulurat^l vapour is negative tin- adia 
liattc UhL-s into moot tho «(■*» Ibe (Fig. I id). j«w*Lng downwnwkiioros* it from right 
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to left, mid when the aj*oific heat fa poritivo they jusi icrn*& Si flfwn left to rifilit, 
their upper pert* lying to tho toft and their tower to lira right 

7, prove that the extenul latent hc*t U(Art ^fa related to the totouL W 
L by the equation 

J L _r djr 

L, y dr 

y. irtherUtottt heat of vaporiution ennk es pressed ilk the farm 

L-=a “ hr. 


prove that the difiert-uM of Ute specific butapf the liquid and (lie aatlUmted Vrt(Kjur 
varies in ve tael V an the absolute temperature. 
jWu have 

rfL L a } 


fc, lu the aniiin case prove that the variation of the specie h»t of a Curated 
vapiHkr per degree of rain™ to inversely prcportieumi to Lite squnfe of Iho 
absolute temperature. 

jNegleciilJ.g the varintSoo* of the specific heat of the liquid, ire have by E*. « 

J 

dr ? J 


10. Slipping the latent heat of vaporisation of water to far given by Ule fonailk 
L = 0 OO -OTfifir 

calculate the temperature of inversion . 1 

{Taking the specific heat of water to be unity we find 



mtequantLy the tampenklUte of iuv«ruan (%-O.i is & H J7 <J. ; of. Arts. 107, 23ft j 
II* Calculate th* diffcteEletJ between the trigonometric*] tangents of (he angle* 
which the teligrhte to the hoatefrwt line and the steam \im at the iripto point 
mnko with th.- axis of ahsi-kra in the ease of water substance. 

{Taking the latent to fa? § 0 r J - 42 rM. t*~ 273 , w B = 209400 l-c. p w<- find * 

(«)„-(£).—. 

the pn&salite being memmrad In grammes per square nmtLlnctre. j 

12 . Dedfloe the ratio or the quintitta aim! hi t*nn* of tb« Utah 

brat* I>f fiutoii » n ‘l tfiporatioB. Calculate th«it numBricxl vahiri for water H«b- 
itmfiW, and I'ontiurr th« c&leulitxd ralu-a with tin? molt* of Ri^b Ault's osparimcflt*. 


' lTim linear formula fcr latent lirat it widely <b|*rt«| fan at high I.. 

tare*, henw thcr«tiU hort ubuinod difftn. ca 0 *itl«™b|y f rol „ the ,„ w temnimtim, 
As 'kunniu«d by •tperiinrnt.] 
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CHAHACTKRISTtU fXSUTlON* AST) THKRUOmOfANlfJ I'OTKtTUl. 

350. Characteristic Functions — Formulae of M, Mass feu, The 
two fund union tul principle* of therm otlyimmies furnish two equations 
connecting the three unknowns which determine the state of a body, viz, 

rfQ = i/L T + r/W - 

Hence, in order to determine all the coefficients raUtiug U> the £iib- 
stumic, it is necessary to have some other equation connecting the 
variables which definu istate. Wc are consequently led to expect 
that although these various coefficient* and the state of the liody 
eannnt be determined in absence of this third equation, yet it shoulil 
he possible to express them in terms of some function of the variables. 
That is what M. Maasieu 1 has shown, and the function from which the 
various quantities may be derived he terms the fhnriut&i$ik function 
of the hotly. It depeiwla upon the jxniir of independent variables 
chosen, having one form when r and v ere chosen, and another when 
r and p are taken. 


Thus, if we write, m in Art. 34 L 

7=U -T+, 

then the equation 

tfU = Trf^-j^r. i 

.... m . 

may be written in the equivalent form 

Variable* 


T a till r. 

- jPl^TT 

. ■ ■ ♦ m 

Consequently we have 

*=-% • nd),= ^- 

. . - . <S> 

while 

... . « 


1 F. Gttitfte* Jtftuiuiw r IoOL Ixjk^ pp. 10&7 r ISO’S ; Journal dr 

tow. Vi. p, 210, 1877, 
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Further* the specific heat at conshiiil volume h ^iven by the equation 

#■(*).—-s.* 

while for the difference of the specific heals we have (p. TIG) 

therefore 

In like maimer the isothermal elasticity and the coefficient of increase of 
pressure are give a by the equation* 


and 


am ^ m 

p\ dr /, dnfir/ dr 


<?? ' 

Wl* * ' ■ 

. . ( 8 ) 

m 

rj rfr 

. . w 


Thus* when the tefcnpefature ami volume are taken as independent 
variables, all the other quantities appertaining to the condition of the 
Hiihstnuco t= tA C p , l\. etc,, can be expressed in terms of the function 
J r i and its partial differential Mtlieionts. 

In the same way, if the pressure and temperature ho chosen as 
independent variables* equation (1) may be thrown into the form 
if(U - t*fi + / j r) - rdp - i/Jt. 

Hence, if wo write 

U-i^+^r 

we have 

+ ( 10 ) 

and consequently 

J+ , 

r= d P ’ * ad *=-*,, .... (id 

while 


U=4« + r^-jju-* -r^f -p^ „ 
dr 1 dp 


(12) 


For the gpeoific heat at constant pressure we have rfQ = d\J +pdv^ or 

C ' , “(rfr), +|, (£),“" , ‘3 ' • * ■ 08) 

and lor ihe specific heat at const ant volume we have 

Z-'>(£,)'/% ■ • ...» 

The coefficient of expansion and Hie compressibility may also be 
expressed in terms of *1‘, thus 


- ,ei * /M 

T \ llT /r 'thdpjdp * * 


(1&) 
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i/^-L 

¥\dpf* dp 3 /ifp 
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Hence, when the pressure and temperature are choeum us inde pendent 
variable*. the function 4> enables im to express all ilio other quantities. 

Example# 

1, -CfllcnUte thu obaractariatk rubctioiu J and 4 in this cuts of a perfect f*s, 
j Iters we Imre the relnLioti jjr Rr, wfcHe ilia internal energy in ,t function of 
the Li-rnjH'rALure only, and h gfr-ctj 1 ■ v tlia i-rjnatLon 

rfU =r C/jfr, Henna if C, hn ra^aidcd const* ritp II - U ft - Cgr - T t . n ) 
Further, rfQ=Cpdr+jMftf, tud therefore 

rf*=C,~ + K^* 


IlotiCe 


and thercfan! 


while 


0 - %-C. let; l + K Ids ~ = (C,+ B) lo,i? T - K lug 

T m % T * P* 

y=v- r^= t;„ - <v„ - c r r( i - log- r t log £ 

*=U,-0,»i-^+^C,+ R)( J tug I • Br-fcKj 


(2J 


tfl) 


(4) 


Theaa Dipnmicfil may he Tcrili«I byjLp|'iyhig the Judnutie njif the |KiccedLk^ arlick 

Thus 

dj Rr 


5?=- r = “* 


. d4 Rr 

qnd . - =mp, etc. 
dp j> 


In tlLfcia e.TpresaLi3nH for 7 Aikil *[> tln s quantity K may bo replaced by A/p, where A- is n 
^rjELbtant, the isanie far all gas**, and p U ihi tiuntml - I ■-Unity of tin- y-t-. Su> p. 1 In.J 
2. Exyrtd# the various oodficieuta of n auhaiuudu in terms of ilia quantity 
r = U4pr. 

SSI. Condition of the Possibility of a Transformation. — When a 
system passes through any cycle of transformations, if d tj he the 
quantity of heat taken in by the system along any element of tho 
cycle, and t the absolute temjieni- 
ture of the source which yields 
the boat, then if tho cycle lie 
reversible, we have 

/ * 

But if the conditions of rever¬ 
sibility be not fill tilled, we have 
(Art. 329) 


i 


dq 


*£ 0 . 



The interpretation of this is that if u system passes from a state A to 
another state IJ, then the value of the above integral taken along any 
path joining A and B is greatest when the operation i* reversible. In 
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other words, ^ ^ in the name for all reversible paths joining A ami 

B, and is greater than the integral of ■/Q r for any path between 
A and B which is not reversible. Thus if AMR (Fig, 327) is a re¬ 
versible path, while ANB i* not reversible, 1 then considering the 
whole cycle ANBMA we have 


/■ 


— i ‘£a 


and therefore 


w*«- 


&+ ■ 


fl) 


We conclude therefore that no transformation Irani the state A to the 
state B is possible which weald give the integral a value greater than 
while a transformation which would give the integral a smaller 
value is possible* hut not reversible. 

The inequality (l) h consequently the condition that a transforma¬ 
tion from any state A to another state B may be possible. For an 
infinitely small change it becomes 

dQ<rd# ■ (S) 


or the quantify of heat absorbed is greatest when the operation u 
reversible. This is also directly obvious from the reasoning of Art. 329. 

When the system is isolated, rfQ Q, and the above inequalities (1) 
and (2) mean that for every possible transformation ^nnist, Iks positive; 
or, eii other words, every possible change of the system is attended by 
an increase of entropy. 

It follows as a corollary that in any isolated system stable equi¬ 
librium will be attained when the entropy has reached its maximum 
value. For in this case the entropy cannot increase* and therefore no 
change can take place in Che system. 

352. Thermodynamic Foienti&L—The preceding inequality which 
tests the possibility of a transformation may he expressed in term* 
of either of the characteristic functions of M. Massien. When an 
elementary transformation is lovcrsihk we have 

dQ = T flp 

iij ~ » pdf - j*{ r 
db = vdp - pdr k 


Jilt'] when the operation Hoes not satisfy the coniliMoii^ of mor*ibilit v t 
we must have 


iiy < - pdf — ptlv 


(u 

W 

( 3 ) 


* [Tkr reversibility, or othrrwlw, depemli mi on ihc 
tb« nuditiou^ mder Tvbic]k it Et tnverwil, 


InltMUkr | hit It, but 


EU| 
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Thus by applying the inequality ( 1) wc obtain (2) And (3) immediately* 
For 

fty -rf(U - r^J — i/U - fd# - tpdTf, 

consequently (since *IQ is lea* than rrf^} wu have 

But */U - JQ - pdr if the only external force h a uniform normal 
pressure. Therefore we have 

-pfr-pJv .. ( 2 ) 

Tn the tamo way 

d4>=#ftU - Tijfi pdv + rdf/, 

and therefore by {2} we have 

tt$ 4Vp - ^r r . , . - ■ (S) 

Consequently {!), (2), (3) express the same condition of possibility. 

Wo shall now consider two particular cases. In the first place, if 
the temperature mid volume of the system remain constant, then if 
any transformation of the system were possible under these conditions, 
ft must take place in such a way that we h*ve (by 2) 

d?<tL 

That is, tfjf must bo negative, or [he traiiEforniatEon i* possible only 
if it takes place in such a way as to decrease jf. 

On the other hand, if the pressure and temperature remain constant, 
as when fusion and vaporisation arc in progress then (3) gives us 

so that is negative, and any transformation that may he possible 
under these conditions 1 must bo suuh that the function *P decreases. 
Wo conclude therefore that— 

(u) If r mid t remain constant in any system (not isolated) (he 
function ^ cannot increase. 

(fi) If p and t remain constant lit any system (not isolated) the 
function 4* cannot Increase, 

(y) If a system be isolated the entropy cannot decrease. 

From (a) we infer that when the function y ** Jl minimum it is 
impossible for any change to take place, and consequently the system 
under the conditions (a) k in stable equilibrium. White from (/?) vfc 
infer that the system will be in stable equilibrium when *P is & 
minimum. Now in rational Mechanics the equilibrium of a system is 

1 J. W r Uibbs* Tmnir. Qvmwtficul Jmd. toL iu. jijj. 10S-W® P 1B7B-7&; 

Sittivmu s Ja/imul, voi. xvi. |ip. 4414$$, S AvUfka% journal vf JrtM <f*d 
JfrimttJ, veL xrilL lBirD, 
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stable when tha iHitcntial energy* or the force function, is a minimum, 
mid consequently the function* J and # here [day a purl cur respond* 
iug to that of the force function in mechanics, arid the function ¥ has 
been accordingly named 3 by M. Du hem the thermodynamic potential at 
constant iwiurtnf, while the function i 1 i* termed the thermodynamic 
potential at t&mfati£ prepare.- 

353. Thermodynamic Potential of a Heterogeneous Mass. 
When the cuies under consideration is not homogeneous throughout, 
but consiits of niaflses ??r fc , w.^ efc. f of different qualities or in 
different states the thurmoily tmmic poitrnlial of the whole is the sum 
of 1 he t her moi 3y namic po ten ti ;*1 * of the consti fcuent s. For if IT F U*, 
ete. r bo the internal energies of the constituents per unit mass, then 
the whole internal energy is 

U ±± m, L't + utfll: a + wt 5 U a r #kv p 

and in the same way if c/> 3 , etc,, he she entropies |jcl unit inns* 

of the p&TiA, then the whole entropy is 


Consequently we have for the whole rna** 3 if the temperature be the 
flame throughout, 

y = U - = XiM ,u, - rSfli|^| ; 

that is, 

7»*i|7l + "t7ft+»a7a+ Btc* 

In the same way t if the pressure be the mime throughout, we have 
f - + etc r| and the thermodymunic potential at con¬ 

stant pressure is 

4>= + ra#a + mi s #j +■ Vie. 


Thus for a unit mass, n part m of which is in the state of saturated 
vapour, the remainder 1 - rn being liquid, we have 

*-(l - ia)+ s + 

354. Change of State, -In illustration of the preceding principle* 
let us consider the case of n unit mim of any substance existing in 
two different elates of aggregation. For instance, let a fraction m of 
it be in the state of vapour, and the remainder ] - m j„ the liquid 
state. Now if a further quantity dm iff (he liquid becomes vapour, 
the pressure remaining constant, the thermodynamic potential of the 
liquid diminishes by an amount <fy/w, while that of the vapour in- 
creases by the amount 4yfm t where and 4-, are the thermodynamic 
potentials per unit mass of the liquid and vapour respectively, and 

1 P. Ihilitlil, tf tetwtvl Thtrmudffninni^ue, Pari*, iggg 
* 17 I..B been by v. HstalLolU tl.r fur rarrjry (lf lUe h re| , |£ . 

* nta lt(l P" rt f th ° ’*’*■ ,h r *’* hI '*»1* «vtb«nu.l ptocmk. r aa 1*. sou- 

tcrl«l into work. Per If r In can.tant dj^ -j*f, (Eqnatioii Art. MO).] 
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evidently remain constant under the supposed conditions. Hence ibe 
change of the thermodynamic potential of the mixture is 


But for the possibility of any such transformation f/4 1, must he 
negative, ami consequently if ho greater thim 4 l JP then <hu must he 
negative^ and condensation alone posaihto, whereas if he less than 
4 1 lP thu must he positive, and vaporisation alone is possible, W hen 4v 
is equal to 4* t , either transformation is possible and reversible. 

Hence, when Lhe change of state is reversible, we have 


***.*• H3 


and as 4* t and d 1 ., are functions of the temperature and pressure, this 
eqnation is a relation connecting the temperature and pressure of the 
mass when the change of stale takes place in a reversible manner. 
Now the pressure of a mass changing state in a function of the tempera¬ 
ture alone, and we cannot have two equations connecting /■ and r f 
otherwise they would be completely determined, therefore the equation 
(1) must ha the functional relntfon connecting the temperature and 
pressure during change of state ; in other word-s it i- J the equation of 
the steam line, the ice lute, or the hoar-frost line, according to the 
states to which i t i l and 4* g are supposed to refer. Hence if 4\ T 4^ *l\ 
refer to the solid, liquid, and gaseous states respectively^ the trausfor¬ 
mation from one state to another will be reversible along any one of 
the lines 


(Steam line) ■ . * >. . - * ■ B " HI 

( Ucmr- frost IlUe) , 4 h . . ^~4^|=0 * * 

(lee Hue)* . - t®) 

When the aiipposcd transformation does not take place along one 
of those curves: it is not reversible, and it will lie impOtisiblo if it would 
entail on increase of *l\ We t* 
can easily examine, with re¬ 
gard to anyone of the curves, 
the region in its plane for 
which the transformation h 
pong i Me and for which im¬ 
possible- Thus any curve 
/(icy) = 0 divides its plane 
into two regions, such that 
the co-ordinates of any point 
in one of them makes /fay) 
a posit i ve quan tity, whi le a ny 
point in tha other renders it negative. The curve iwelf is the line of 
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d&Dftrcatt<m between the iwo regions* and any point on it makes/(-ry) 
zero, Thus if the equation of the curve MS {Fig- ~J"^) he 


the coordinates of any jMiiiit A not situated on the curve will not 
sntfofy the equation of the curve, and we propose to determine whether 
it yields a positive or a negative value. For this piirpo&o draw AF 
parallel to the a sis t W, and let the co-ordinates of F bn p and t while 
those of A are/* and t + tfr t then the change of d>, dv, in posting from 
F to A will be, using Masdoti'e formula-, 



and this is a positive quantity. Therefore A is in the positive region. 

Similarly* if we take n point B whose coordinate* are r and p + dp, 
we have for the value of 'h, at this point 



and this will he negative if is lc^ than .■*. Consequently we infer 
that if the latent heat U positive, and if the change of volume i& Also 
positive in pissing from the elate (l) to I ho state (2), then the curve 
d'j - = 0 pisses between the points A and B as shown in the figure* 

A lying in the positive region and B in the negative. If, however* 
Ihe change of volume he negative, as in the fusion of ice, then the 
curve will not pra between A and B p but will be situated like M N , 
so that the two point* lie on the same side of it. In the former castf 
increase of ta nipcruturo ia ^ecompaaud by increase of pressure, whereas 
in tin* latter increase of temperature in accompanied by decrease of 
pressure. 

Lot us now return to the equation 


***={*,-tjrfan 


and consider the transforation PA (Fig. 228). In this case the value 
of + t - * t at A is - Ut t, a. negative quantity if the transformation 
from Uio etat* (I) to the state (2) is accompanied by absorption of 
halt—that is, if L is positive. In this caw dm can only he positive, 
and we conclude that at every point on the right-hand side o( the curve 

the only transformation possible is one in which dm is positive.. 

entails as absorption of best, Tn the same way the only transform* 
tion possible to the left-hand stile of the curve is o„e in which dt» is 
negative and en tails an evolution of heat.. 1 

» S Meatier, *.*, 0* •*,„ ten. m., IS76; 7- 

HjpT IriHka k IL III. It. 
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Smd huly, if we consider l ho ttaniffor Motion PB T wta find that ih« 
value of % - at B Is - 1 and therefore if fj 3* greater than 
r L the only transform;it ion posable in the region above the curve (dp 
positive) is one in which dm is negative— that is, one in which there 
is a decrease of volume, -whereas in the region below the curve (dp 
negative) the only transformation possible is cue which entails an 
incrciise of volume. 1 

Thus if the pressure of a mixture of water and it* saturated 
vapour could be increased without condensation or change of tempera¬ 
ture, the new condition would be unstable. In thi-s state the water 
cun not evaporate, but there i* a likelihood of sudden li^iiefaoEion. On 
the other hand, if the pressure happened to diminish without evapora¬ 
tion or cliange of temperature the vapour cannot cnnrJcnse, but there 
h danger of explosive ebullition* 

Along the curve of reversible truns-fonsation - 4» 2 - 0, wo have 



i*i- ViWv- 


;=<* 




355, The Triple Point,- The jirocedmg theory may he applied 
ut ohl'c to deduce the theorem of the triple point (Art, S49), via. that 
the two vapour- pressure curves (the a team Line and the hoar-frost line) 
intersect on the line of fusion or ice line. For the equation of the 
steam lino is 

♦ a -♦,=£!.£ 1 ) 

and along this the liquid and vapour are iu equilibrium. The equation 
nf the hoarfrost line is 

4 S =e.W 

and along thi* the vapour and solid are iu equilibrium. Now by 
adding (l) and (a) together wo ohtain the equation of a eurve which 
must pass through nil the points in which (1) and (3) intersect each 
other, but the mini of {1 ) and (3) gives 

* 1 - 4^0 .£ 3 ) 

Hut this is the equation of the me line, and we therefore conclude that 
every point of intersection of any two of these curves lies on the 
third. 

From this it follows at once that if two ol these curves coincide in 
any region the third must coincide with them a!! along their common 
part, or if two of them coincide completely, the three lieeome one 
1 Ca-HtuTi: Kahili, ibid, J» sir,, tom. Iw* I'. 41* 
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ami the same curve, and the substance can exist in only two states. 
Now in the case of water the steam line anti the fee line are obviously 
distinct, ami therefore the hoar-frost line must also be a distinct curve, 
ami cannot merge into the steam line as Regnault thought, but cuts it 
at an angle at tho triple [joint. 

The co-ordinates of this [mint obviously satisfy the equations 

■h 1 5 =<i> J =iV 

so that at the triple point the thermodynamic jjotential is the same 
(to a constant) for all three stales. 

To determine the angles ut which the three curves intersect at the 
triple point we have, taking the steam line, 

(S-SM 

wbiib by Maflfcim p B formula gives at once 

therefore for the inclination of the tangent to the axis of ahscm&a, ne 
have 

/dp\ _<vi£a, (it). = *ki_fc, 

\*r)# \dr } a, \dr ^-r- 

ilentn the trigonometrical tangents of the singles arc obviously con¬ 
nected by the relation 

(&)** (r »- 1r -> (% )«* ^ (£),r°‘ 

Ami this by the fundamental formula of Art, 34G gives 

1^ + * L| 3 -0. 

Henee h sit the triple point, have 

bjj ^ L| 2 + 

Writing this equation in the form 

we see that if i'j, r‘ ; , r a .ire in ascending order of magnitude, *o th;it 
r, - r„ tin 1 1 e 3 - r a have opposite signs, then the differences 

@L-<*)-■ — 

must have uppocite signs, hi other words, if [he value nf p„ it; intor- 
mediate between ihorfu ut and v v then the magnitude of ^7' J lice 
between those of (^) ]m r '«1 Hence the curve (13), which 

t:orrt*q>owl* to the greatest change of volume, can I* placed with 
reference to the other two, fur the angle wliivh the tangent <o it at 
the triple point makes with the axis of abscissa* is intermediate in 
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uuignittide Istwooi the angles which the tangents to the other two 
iiiutit! with i he wine axis. Consequently, if in ordinate be drawn 
cutting the three curves, the point of section with the curve (1,1) will 
lie between those with (12) anti (23). 

356. A p pi lent ions. — The principles of thermodynamic potential 
have been recently applied with much success to the problems pre¬ 
sented in thu theory of solutions, dissociation, and thermoelectric 
phenomena, 1 

.4* an illustration Jet its take the ease of a compound which ilia 
sock tee into two simple substances at a certain temperature H nd 
under constant pressure. Then if at any instant the mass of the 
cmn|Kinnd present in the mixture bo while the masses of the 
dissociated elements are m t and m s and if <f> |t <fr p he the coma, 
spending thermodynamic potentials per unit mass respectively, wo 
have for the whole mass of the mixture 

0 as m -i- J«,,<>, + 

lienee, if the masses fw 1( iw 9 tu s be supposed to change by amounts 
d?» 1( dm s and rftiig, tinder the pressure p and temjierature r, we have 

+ytw.4lyf«i a . . . , . (1J 

But dfM J( lint# da^ are connected by the equation + 1 / 111 , + dm s - Q; 
so that if tUj, w L „ ie d denote the molecular weights of the compound 
and its constituents respectively, we have 

rftttj rffJlj -July 

Vt * W 

and consequently (1) becomes 

{»! + -i- 

Consequently, if the quantity 

is- positive, a change in which rfw. :< Is negative i* alone jumble, wfataras 
if this quantity lie negative the only change | possible k one in which 
increases. If the transformation w reversible* ihen 

(«i + "^)*a - 

and this equation represents the curve of dissociation pressure. The 
dissociation pressure is thus a function of the temperature only* and 
k independent of the quantity m, E of the original compound present, 
ami of all -such circumstances. 

1 A ftili c* position of ttl& theory of iln'riuadyiuiinir potential mU*\ its AppUcatiOba 
wtH bfi found in M IhihcinV Work* DoUrtfisi Thermit win miyur ft tts iVji . 
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<. KwM KTHH’AL KKl'USEN TAtlOSS—TU liftMODYN AMIU DIAGRAMS 
ASH SURFACES 

357. Plane Diagrams. -The advantage of the graphic method 
q f repress ting the state of a substance by means of a \mnt in a 
yhxm diagram, ails! the elegance of the method hi concisely represent¬ 
ing the whole history of a trail*formation, have been already illustrated 
in^nmiv cases. The particular eaae of Watt's indicator diagram (Art. 
AGk in which the co ordinates of the point are taken as the pressure 
and volume of the substance, is that which has hitherto been most 
commonly employed, but evidently any ]*ur of the Jive quantities 
/■ i\ r. 4, U T which determine the condition of the substance, may be 
used for the same purpose, and it may happen that for one problem 
the representation may !>c moat simply represented by one pair, while 
for another problem simplicity and elegance will lie most easily secured 
by (jhooaing another pair. 

Thus when p and r are taken, jib in Watt's method, the lines of 
constant volume (tstfrarfricejand the lines of constant pressure (ittpfc/ies) 
ure systems of right lines parallel to the two axes of reference respec¬ 
tively* while Lhe lines of constant temperature {iwtforimi&)j the lines 
of constant entropy (iVfifr^pcs) and the lines of constant internal 
energy (i&>Jywwtric$ or are each a system of curved line* 

of some particular form depending on the rmturd of the substance. 

The other quantities which require to be represented nn the diagram* 
and which depend on the nature of the Ira information rather than on 
the nature of the substance, are the external work W performed by the 
body, and the quantity of heat Q supplied to it in jtassing from one 
state to another through some intermediate series of states. In the 
case of a p? diagram the work Is represented very simply by the area 
enclosed by lhe path of the body, the ordinates at its extremities, and 
the axis of absciiM^ but the quantity Q i.* not $o simply represented* 
as it depond® not only on the area representing the work, but also on 
the change of internal energy. Thus, while p r r T t n V are functions 



ART- 557 


753 


geometrical kkpkesbntations 

of the state of the body, the quantities W aitil Q are deterniincd, not 
bt the state of the bod} - at ati} 1 instant, but by the whole series of 
scats* through which the body |mree& from one condition to another. 

t)o the other hand, if t and $ be taken as co-ordinates, the isother- 
malj arid isentropica will lie aystems of right lines parallel to the axes 
of reference, and the isometrics, i.-topicstie*, and isodyniniira will lie 
curves of some particular character depending on the nature of the 
body, The quantity t) on this diagram will lie represented (like the 
quantity W on the ;>r diagram) by the area included Ij-atween the jwith T 
the ordinate* at it« extremities, and the axis of abscissa-, fur we have 
*/Q = rdfa Or 

Q-Jrd4 t 

whilu \\ will depend on this area, mid also on the change of internal 
energy experienced by the substance in passing from its initial to :iin 
final condition. 

It is clear, therefore, tbit from general considerations there is 
nothing to choose between a diagram constructed with p ainl r sis cth 
ordinates, and that constructed with T and «£; the work ami quantity 
of heat being represented on the former in a manner strictly analogous 
to that Ip which the heat, and work are represented in the latter. This 
'-dm appears from the general equation* 

dU =dQ - dW, d W =pdt, dii ~rdfr 

for these sue unaltered when for r, p t AY we write ^ r, - t> reapect- 
ively. lienee in our choice of co-ordinates we mt»t be guided by 
considerations of convenience and simplicity in drawing the purth-nkr 
line-i necessary to lhe problem in hand, a* well as for the reprint* 
tion of W and tj, For one problem it may be most convenient to bike 
P Q nd ?, while for another it may be maeli pi ore simple 1 to take r and 
r h w * tmd ^ or some other pair, or perhaps some functions, of the 
quantities p, r, t t U. 

When the substance passes through a complete cycle, and returns 
to its initial condition, the whole external work done k represented by 
the area of the cycle, and the heat supplied is the equivalent of this * 
(since the internal energy ha* not changed) on the p>- diagram, while 
the whole heat supplied is represented by the area of the cycle on the 
r^> diagram, and the external work done is its equivalent. For this 
reason ihe pt and the diagrams claim special attention. The 
importance of the diagram is also indicated by the general con¬ 
sideration that, although work may be transferred by nitrehauie&l 

1 Wlicsui f ftjicJ p atc used, LiHxqVn cycle take* the txeeedmyly -ijuplti font! of a 
nttUngls* 
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contrivances (levers, etc.) from system* at lower pressures io otters 
at higher, yet by the second kw of Lhcrmndynnimcs the transference 
of teat can only take place from bodies at higher to other* at lower 
tempera til res ; so that in the former ease it is only neeessary to ascer¬ 
tain the total quantity of work performed, but in the hitter it h 
necessary to take into consideration the quantities of heal as well as 
tha temperatures at which they ivre received. Hence, if in any par¬ 
ticular problem several heat areas have to be considered, it is very 
iui]>orLaiit that these should he represented simply. 

As an example of the use of the two systems we may take the 
simple case of a perfect gas. in this case we have pr = Hr, and 
U = Cf?- Hence the isodynamic lines coincide with the isothermal* 
whatever system of co-ordimue* bo chosen. It p ami r be taken, then 
the i&otherinala and iscjrtropics are given respectively by the equations 
p$ — con at, and p P - const, ; but if r and ^ be taken as co-ordinates, 
the curves which w e require arc the isometries and isopicstics. Now, 
by Example 7, p. 700, we have 

+ K Sdugc-i-fioiist. , 

and consequently if the volume is constant this gives for the equation 

of the isometrics on the diagram 

* 

^ = C, log f -r Sxjus t. . . , . (iaojutitriqiiJ 

no (hat they arc a system of similar logarithmic curves- So also 
equation (1) may he written in the form 


•MC* l»gr- It higjM count, 1 . . . (S) 

and therefore the (copiestics are given by the equation 

* = 0, leg t +wtist.i[UopfestM 

Thaw are eoiweqtimtly a similar family of logarithmic curves. The 
isodynamics in this case they coincide witU the isothermal s) are 
a system of right lines parallel to the axis of temperature. 

¥ 


, ^^'(Entities lag *, ]„ iDB T 

&irt>4«l>..iT-iUityrtU. w .i tbit th. both™*, bartwpU*, 

tin the i a«e of A parfwt gi* w P h*** 

l®lU>+hg r - log T=rK>i*At. 
k^U~]og; 3n j hl j| 

^-C, logT- K Ifigf r = cuBat,p 

wa b u, B 

1 ProfiMor J. W. Gibb,, Tran,, Ontturiu.,/ > , “ , J -’-— 

vol, it [i. 325, isri-78, ■Jtajtmg „/ fllut Sekum, 






358, Characteristic Surfaces, —When a plane diagram is con¬ 
structed with arty two variables which determine the condition of a 
body as coordinates, then every pint in the plane of the diagram 
correspond* to a perfectly definite state of the body, and the indicator 
pint is constrained to move along some definite curve only when the 
substance h forced to change its condition tinder some fixed Jaw (for 
example, under constant temperature, or pressure etc,), Now if any 
piir of the quantities p f tr, t + fa l he taken ecs rectangular co-ordinateti 



z 


X 



h* ms. 


(or any two functions of these quaillilies which determine the state 
of (he body), which for generality we shall call * and y, then at any 
given point on the. plana diagram x and y will have given values 
corresponding to a definite state of the substance, so that the remain¬ 
ing three of the above live quantities will be perfectly determinate. 
Consequently, if a perpendicular be drawn to the plane of the diagram 
at the point xy ¥ and if a length z be measured along it to represent any 
one of the other quantities, the locus of the extremity of this perpen¬ 
dicular in space will be a surface of some kind depending on the 
nature of the substance* In other woods, if any three of the quan¬ 
tities p r r, r, fa U be taken as the rectangular co-ordinates z, y, z of 
a point ? (Fig 219) in space, then aa the substance paws through ail 
po&dbie conditions of equilibrium, the point et, y, * will describe a sur¬ 
face which will possess certain geometrical properties and peculiarities 
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depending on the nature ol t he substance. Such si surface will conse¬ 
quently exhibit the elmracterietic properties of the substance, and may 
be termed a danukri^ir surfate. 

The particular case in which the pressure, volnme K and temperature 
sire taken n* coordinates has been already noticed (p. 90), and the 
functional relation f(j\ r, r) » already termed the ebatueterutie equa- 
tion of the substance, i* the equation of this surface. For example, 
in the case of si perfect gas the equation o£ this surface is /# - R:. viz. 
a rcctangttlar hyperbolic paraboloid asymptotic to the planes '/? and •?/;. 
The quantities J>, r 7 r, being those which are directly measured in any 
cose, are naturally the quantities which would be first chosen as 
co-ordinates in any geometrical representation of the properties of a 
substance; but it by no means follows that the surface determined by 
these co-ordinates will afford the most comprehensive and elegant repre¬ 
sentation of the properties of the ^ibstunce. In addition wo pOa&ess 
no general equations connecting />, r 7 t 7 or their differential coefficients, 
whereas, hy means of the fundamental principles of thermodynamics, 
we have been led to general differential equations connecting certain 
other quantities. For example, we bare the fundamental equation 

Titer, t; connecting the differentials of r T ^ l\ m that if these three quantities 


be chosen as co-ordinate*, thin equation ia the differential equation of 
some surface of the form 




con corning which we possess at once certain valuable in format lou. 


For by (1) we have 



but by (%) it follows that the direction cosine* of the normal to the 



by (3) it follows that the direction cosines of the normal at any point 
of the surface are proportional to r, - p ? -1 respectively. Hence, 
with this surface the volume, entropy, and internal energy are given 
directly by the co-ordinates of a point m the surface, and the remain 
ing pair of quantities, viz* the pressure acid temperature, are given 
by the direction of the normal to the surface at the same point. The 
whole five quantities j? t r T r, h, j *, I. are thus* clearly represented in sin 
exceed itsgly simple manner. 

Aiii.Ut.ivf Another advantage of the v, ^ l co-ordinates lies in the fact that 

proiwrtv. of them posses the additive property; rhns, in a system the 
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volume of tlie whole is the sum of the volume of the separate |?arLfi 
into which it may be divided ; the energy of the whole is the sum of 
the energies i>f its separate parts, and similarly for the entropy. For 
this reason it follows that when such surfaces are constructed for 
different mum# in the same condition, these surfaces will be similar 
to each other, and their linear dimensions will be simply proportional 
to the masses which they represent* 

The surface obtained by using r, <£, fl «* co-ordinates has been 
brought into prominence by Professor J, Willard Gibba, 1 and its 
properties will be considered briefly in the following article. At 
present it may bo mentioned in passing that any one of the equivalent 
forms of the equation dV nttf » -plr f viz T with the notation ui 
Art. 34 4 t 


'*7 = 

* ^i/r - jidr „ „ 

(4j 

u T - 

Tit# + vdp 

♦ ■ (fij 

<1* = 

nip - ifnlT 

(a) 


yields a surface which pdgsesseft proparties ebameterfstio of the sul^ 
stauee, and which yields definite information as to ft* condition. Thus 
using {4), if v t t. y lie taken m coordinates, it follows that the entropy 
and pressure corresponding to any point are determined by the direction 
of the normal to the surface, and similarly in (5% when p, ^ J' are 
taken as co-ordinates* the direction of the normal determines t and r* 
while in (6), w ith p, t, as coordinates, t he volume and entropy arc 
detcrniined by the normal 

Wa are thus furnished with a considerable choice of surfaces* and 
that employed for any particular purpose can be selects to suit the 
problem in hand. Of course other surfaces may be const meted with 
any three functions of the quantities p r r, t t ^ U m coord 1antes as 
may be found convenient. 

359. Gibbs's Model. —The characteristic surface or thermodyn amic 
model obtained hy taking r, U for co-ordinates has been carefully 
investigated by Professor J, Willard Gibbs, 1 It may be remarked at 
once that in constructing such a surface with regard to three mutually 
rectangular planes—viz. the plane of zero volume, the plane of aero 
entropy* and the plane of zero energy thru of zero volume alone h 
definite, while those of zero entropy and energy are arbitrary, for 
both of these quantities include an arbitrary constant. However* 
when the planes of reference are chosen* any point on this surface 
corresponds to a definite corn! it ion of the substance, and as the to 
ordinates of the point represent the volume, entropy, and internal 

1 J. W. (itlitai, Tfun*. CvnnrctUitf Atadrmr/ nf Atts aiui Hciimte*, voL ii, [j. jgj, 

1*71-78. 
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energy of the maw* it follow* that any plains perpendicular tu the 
:ixia oE volume cuts, the surface ill a line of constant volume or i&o- 
iiiotric curve. Similarly the iaentropics and isody mimics are the curves 
in which the surface is cut by planes perpendicular to the axes of 
entropy iLtid energy respectively. Two systems of lines still remain 
for representation, vi&. the isothermal? and the isopiesttes. and these 
can be very simply obtained from the conditions 



Vqt ii U =/{t\ *f>) he the equation of the surface, then if r Ile regarded 
:ls a constant, the relation between U and 4 will be the equation of 
the isometric curve in which the surface is cut by a plane perpendicular 
to the axis of volume, and if a tangent line be drawn to this curve at 



any point, the trigonometrical tangent of the inclination of this line to 
the axis of entropy will be | '^ Hence if wc refer to this as the 

stop nf the curve at the point in question, w e can say that the tempera¬ 
ture at any [point P (Fig. 23U) is measured by the slope of the 
iso metric passing through that point, and in the same way the pressure 
is measured by the slo|>e of the i&entropic. 

The isothermal curves on the model are consequently such that if 
a tangent, line be drawn to the surface at any point of one of them, 
and in such a direct ion that it l* perpendicular to the axis of volume, 
then the inclination of this line to the axis of entropy k the same at 
all points of the isothermal curve- The whole system of such tangent 
lines to any isothermal forms a system of lines, or a cylinder of rays, 
ftaraileJ to a line in the piano *0, and this cylinder obviously hJ 
ring contact with I he wirfuce, the curve of contact being the 
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isothermal curve. Hence we are led to Maxwell'* 1 method of Ths bo- 
representing the isothermal curves on this surface, vis. place the 
luaflel in the sunshine and turn it so [hat the suns ray* sire 
parallel to the plane of entropy sod energy* and make an Jingle with 
the axis of entropy whose tangent is proportional to the temperature. 

Then if we trace on the surface the boundary of light and shadow the 
temperature at all points of ihi* line will be the tame. 

Similarly the lines of constant pressure are found by drawing 
tangent line* to the surface in such a direction that they all arc 
parallel to the plane ol energy and volume, and make an angle with 
the axis of volume whose trigonometrical tangent measures the 
pressure. Tbi* system of parallel linea forms a cylinder whose line 
of contact with the surface is an uopieatie. 

Of the various parts of a complete thermodynamic model one 
region consists of points which refer to t he body when altogether in 
the solid state, another to the liquid condition, and a third to the 
gaseous. Besides these three part* of the surface there arc other 
tracts which refer to the body when it is changing state and exists as Surface 
jt mixture of the solid and liquid, or liquid and vapour, or solid ami irmctA * 
vapour, or finally as a mixture of the three states—-solid, liquid, and 
vapour. We shall now consider the general character of these various 
parts* and for the Kike of brevity we daall refer to those portions 
which represent the solid* liquid, and vapour as the \mU S, L + and V 
of the surface respectively, while we shall refer to that portion which 
represents a mixture of solid and liquid jis the part SL, to that which 
represente the mixture of liquid and vapour as LV t to that represent¬ 
ing the solid and vapour as *HV n and to that representing a mixture of 
all three suites as SLV. 

Every point on the part S represent* a definite condition of the 
body w r heu altogether in the solid slate, and this portion is bounded 
partly by a line at every point of which fusion U about to occur, and 
partly by a line at each point of which the substance is about to 
sublime. The portion SJ may not, however, be completely enclosed 
by these lines, for Ef anything like continuity of state exists between 
the liquid and solid conditions, such as Andrews proved to exist, 
between the liquid and gaseous then the part S w ill be united to the 
port L of the surhice by a neck or isthmus; in which no diricontiuuity 
of curvature exists. 

Similarly the portion L of the surface will he hounded partly by u 
line along which solidification is about to take place, and partly by a 
line at every jHiint of which the substance is about to vaporise. These 
1 J, C. Mix wg|J p Tkwry 0/ Ifwi, 
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till, line* do not completely one lose L, for in one region this part forms 
a continuation of the portion V which represents the condition of the 
substance whan it is completely vaporised, in accordance with the 
experiments of Andrews. The part L is thus united to V by a neck 
of surface presenting no discontinuity, so that through this neck V 
may be regarded ns a continuation of L, and it i* probable that it is 
united to S by a similar iicck s and that V j* united to S in the same 
way. 

The regions between tt f L f and Y are tilled tip by those pans of 
the surface (SL d I*Y, ote,) which represent the condition of the sub- 
stance when changing state. The portion LY stretches from the fringe 
of L to the fringe of V a mid its lines of junction with L and Y are the 
lines already referred to, along one of which vaporisation is about to 
begin, and on the other of which it is completed. These tw r o lines form 
Thtf noiic- what we call the LV ample, and along these lines the curvature of 
couple*. &nr fo c e ^qddenly changes so that they form lines of discontinuity 

of curvature on the surface regarded bus a whole. For the sake of 
distinction we may refer to these two lines as the L line and the V line 
respectively of the LY couple. Similarly the part of the surface 
which applies to the change of state from solid to liquid 5# enclosed 
by a pair of lines, the SL couple, while the part representing sublima¬ 
tion is bounded by another pair, viz. the SY couple, 

With this notation we can say that to any point A on the L line 
of the LY couple there h a corresponding point R on the Y line of 
the same couple. Ai A vaporisation under certain conditions is about 
to begin, and at R it is completed. Now change of state takes place 
in such a way that the pressure and temperature remain the same 
throughout the operation, and consequently the plane which touches 
the part L of Iribbs’a model at the point A also touches the part V at 
the point It, since the direction of this plane is determined hyp and t. 
Further, this plane touches the LV tract of the surface all along the 
line AR P for at every point of this line the pressure and temperature 
have the aaoie values. Thus, if a plane l>e drawn to lunch L h and also 
to touch V, this plane will have Una-contact with LV, and the Him of 
fiontnet AR (Fig, 331) will lie such that my point P on it represents 
a definite mixture of the liquid and vapour, and the point V divides 
AR into segments such that ¥ is the centre of gravity of the liquid 
portion of the mass placed at A and the gaseous portion [daced at R 
Derolop- As A moves along the L line of the LV couple R move* along the 
■tabatoet*. V line, and the line AR sweeps out the LV part of the surface. This 
,mrt of the surface is a portion of what U called * developable surface, 
and may be regarded as developed in the following manner. Let a 
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tangent plane be down to touch both L and V (this wiE be a double 
tangent plane), and lot this pi aim roll on L and V, maintaining eon taut 
with both, than this plane as it pASses through iu consecutive positions 
will envelop a developable surface, vie. the surface LY. 

Similar remark* apply to the tracts which represent the mixtures 
of solid and liquid anil solid and vapour. Each of these intuf* 
(Fig, 2 m A\ ) is a developable surface, the tangent plane touches it along 
a line, and any point on one of them represents n definite mixture of 
two states in the manner already described. 

Filially, there is a portion of the surface which possesses no curvu 
ture. This portion is a plane triangle and correspond* to the triple 
l»iut (Art. 340), or that condition in which the substance can exist 
ftimiiliiitieonsly in the solid, liquid, and gaseous si atm. For if a 
plane bo drawn to touch 8 and also lo touch L, then as this, piano rolls 
ori 8 and L, it is possible that in one position it may also conic into 



contact with V. In this position the three points or con met will form n 
plane triangle SLY (Fig. 231) such that its vertices are points which 
represent conditions of the substance, at one of which it is altogether 
solid, at aunt her liquid, and at the third vapour. Any point on one 
side of this triangle represents a definite mix lure of solid and liquid, 
any point on another liquid and va|M>ur, and any point on the third 
solid and vapour, whereas any point within the triangle represent a 
definite mixture of the three states, such that the jiohit in question is 
the centre of gravity of the masses of solid, liquid, and vapour placed 
at the corresponding vertices of the triangle. 

The plane of this triangle might ho supposed to start rolling on 
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any pir of the )wri« S, L, V, so that- if it begins to rut) round a 
certain side of the trieiiglc it will generate the SL developable region, 
starting round another edge it will develop the LY region, and round 
the third the .SV region. However, as the two lineH of the LY couple 
approach each other and ultimately unite so as to form a continuous 
curve (Andrews), it follows that as the tangent plane rolls on I. and 
V, the points of contact A and R approach each other and ultimately 
coincide at a point C where the two lines of the LY couple unite. 
The point C (Fig. 231) is the critical {joint for the fluid state, and if 
the tangent plane l*e allowed to roll beyond this point it will touch 
the surface in a single point. The substance is here homogeneous and 
belongs to the neck of continuity connecting L and Y. 

Similar remarks apply to the SI, couple and the SV couple, and 
if the lines of these couples unite so that each couple forms a con¬ 
tinuous curve, then the points of junction are the critical {joints for 
the SL and SV conditions. Further, the vertices of the triangle 
formed by the {joints of contact of the triple tangent plane SLY 
are points at which the substance is all solid, all liquid, and all 
vapour respectively, and they are consequently points in which the 
lines of the three couples meet in pairs. Thus the S line of the SL 
couple and the S line of the SV couple intersect at one vector, 
and the other corresponding pairs of lines intersect at the otiter 
vertices. 

3fi0, Surface of Stability.—When any thermodynamic model is 
constructed with three chosen co-ordinates the values rjf any pair mav 
be chosen arbitrarily, hut when these are given the value of the third 
is completely determined. It may happen that for given values of two 
there may be more than one corresponding value of the third, but in 
♦hi* case the corresponding value* of the third arc perfectly definite, 
otherwise all consideration of tbJ- surface would be illusory. The 
{mint* of any such surface consequently represent nil conditions of the 
substance which are possible and consistent with equilibrium. To fix 
our ideas let us suppose that the quantities p, e, T arc taken as co¬ 
ordinates. then when values of p and r are chosen corresponding to 
any point in the plane }» wo say that there is some value (or value*) 
of r corresponding to equilibrium, and by erecting a perpendicular to 
the plane pr at the {Joint in question, and measuring off a length which 
represents this temperature, a definite {joint is obtained, which is a 
{joint on the surface of the modal Sow when we snr that to given 
values of ;> and r there is a corresponding value of v, we merely state 
that there is a definite condition r, T of the substance, in which it is 
in equilibrium, or that when the pressure and volume have values p 
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him! 1 -t hell the temperature must have a certain value t and no other, 
her given values of p «nd r and a varying value of r the point />, >\ r 
ia constrained to move along a right lino perpendicular to the plane />r f 
and the point (or points) whore this line meets the surface of the 
model is the point which represents the condition of cqnilibrium of 
the substance when its pressure is p and its volume r. If the sub¬ 
stance were supposed to be in a state represented by any other point 
on this line equilibrium would not exist until the point moved to the 
surface. 

The surface described in the preceding article, or it corresponding 
surfime constructed with other coordinates, h such that the condition 
of the mibitance at every [joint of it Ss one of stable equilibrium, and 
it may be regarded as the turf&ft of stability, If the condition of the 
substance be imagined to be represented by any point in the space 
inside or outaide the surface, this condition will not be one of cqui- 
librittm, or if the substance happened to exist in -Mich it state the 
equilibrium in this state would he mutable. Such rases of unstable 
equilibrium are presented in superheated globule* of liquids and 
supersaturated solutions of auks, or over-moled liquids and vapours, 
and the jwinta representing them will not lie on the model wu+hnvo 
constructed, but will constitute a locus outride the surface of the mode! 
similar to the theoretic part of the isothermal line conceived by Pro¬ 
fessor James Thomson (BMKD, Pig. 144/. The aiihfttanc® at any 
I>oint of this line \$ in unstable equilibrium, and if disturbed will 
rapidly change its condition till the indicator point reaches the line of 
stability BD. Thus we might imagine the portions S, L t V of the 
thermodynamic model to be parts of one continuous surface so as to 
he united, not by the developable sheets SI,, LV a SY already described, 
hut by [sortion* similar to the James Thomson port of the isothermal 
RMN1> (Fig, 144), These new tracts, together with the portions 
S p L, V, constitute one continuous surface which exhibits no di^coii- 
tiniitty of curvature along the line couples SI,, LY h and &Y; hut the 
points of these tracts, although they represent conditions of equilibrium 
which may be realised under certain circumstances, are nevertheless 
states of unstable equilibrium. 1 

Thus the port bus S, L # V of the model, together with the develop 

s The I'qui librium of a *y*tiuii iMny hv fltablfl for xuty hiimH dislurbuucM ua 4 un- 
ifUhtii fbr displacemI!nis uf nay cenBidcriifals magnitude that i*, MjukHhrilim lu*y 
m&i atid wil] nut be broken by dUtnrh&KV* halevr * certain limic. It h the 
tl itfs of inch a ] t mt 113ml rL’iulols [KMndblfr (bn ^ of those sUtss wbitrli wr* term 

unstably *udi ilipsrllimted JrajM nr *,apsrasi ciratad v.q-oiiFi, And it i$ [iroUbljr 
ilttcrraincd by such nmglLitudi-.i 4* tha size of a 1 nei-lr-rti tc-^ and the illBtaiiCv through 
which niuEpeulsr foro^ arc *u tidbit*. 
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Able sheet# SL. LY, and Y.S, represent all possible conditions of stable 
equilibrium., from the very manner in wliicli they are cons true tod, and 
all other point# of space represent condition# («)in winch change is 
taking place, or (fl) in which, if equilibrium exists at essentially 
unstable. 

In i he case of an isolated body, or system, thermal and mechanical 
equilibrium must always be established dining any setaceous changes 
in such a way that the point representing the state of the system 
moves in a plane perpendicular to the axis of energy, for since the 
system is isolated its energy must remain constant (the term energy 
here including all forms under which it appears in the system). 
Hence if a body, or aynem, be left to itself—that i% if k neither give# 
energy to, nor receive* energy from, other bodies—then the path 
described by the system in puling from uno condition to another must 
las an ieodynumjc line. This line may lie on the surface of the mode! p 
or it may not* but if the initial and linnt condition* ru e stares of equi- 
Ubrium, the extremities of the line must he situated on the surface, 
whereas if the whole line lie* on the surface every slate paused through 
during the tr^isformiuicm i* one of equilibrium, and the pith is an 
fyuiliitfiitrn path P 

liuEice, as fir jls etni#idemlions of energy alone guide usj the system 
may of itself from any condition A to any other B, if A and H 
are on the ?aiue i;Hodynamic line, hut thermal equilibrium k always 
e*tablishtid by conduction uf heat from the warmer to the colder parts 
of Lhe system, and this eMails an increase of entropy, so that the 
system cannot pas* of itself from A to K, even though these points are 
on the same isodynamie line, unless the imtropy at B is greater thitn 
the entropy at A- This eonsidenttion consequently determines the 
direction in which the tinnformation must take pluce, vix s in the 
direction of increasing entropy. 

1» zoning about a system passing from one condition to another 
“of itself it is all-important to attach a definite meaning to the 
expression, and if it is to have any jn„t signification it should mean 
that during ihe transformation it is isolated from other Systems, and 
consequently neither receives nor parts with energy, ft,* the whole 
energy of a system may be allocated under several heads, such as the 
r« rtra of its constituent masse*, the molecular energy which in part 
constitutes the sensible beat of the body, and (lie so-called poWial 
energy which dei«nds on its tonfigumtion, etc. The mode or portion 
of the tt 'bole energy with regard to these various constituents probably 
determines whether the condition of ihe system is one of equilibrium 
and also whether the equilibrium is stable or unstable. Thus when 
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it system is in stable equilibrium the energy i* probably divided in 
such a way that an average k struck between kinetic and potential, as 
In the case of a vibrating elastic solid in which the energy k half 
kinetic and half potential If, however, the energy happens to be dis¬ 
tributed in any other manner so that the portion existing in one 
department ia loo small, while that in another k too great, an coin 
pared with this average, then the equilibrium, if it exist* under such 
conditions, will be unstable. 

Some such partition of the energy as this would appear to exist in 
those linkable conditions of superheated Liquid globules, etc.* which 
are represented by the James Thomson part of the isothermal (Fig, 
144). Thus at a point M the tempera Lure is Loo high for the 
conditions ot pressure and volume under which the substance exists 
—that is, too large a share of the energy is apportioned to the sen¬ 
sible heat department, and the explosion of the globule to a condition 
on the line HD is merely the result of the redistribution 1 of the 
energy in the average manner. Similarly at X the temperature is too 
low* and too small a portion of the energy exists as sensible heat. At 
this point the vapour is over-cooled, and collate takes place until the 
sensible heat has obtained its proper share. 

According to thin view, then, a condition of stable equilibrium of a 
substance is one in which the whole energy is divided into its several 
constituents in such a way that some average is struck in its partition, 
and all the states of stable equilibrium .arc represented by the surface 
of the model which consists of part* S. L, V, referring to the condition 
of the substance ivhen homogeneous throughout, together with three 
developable tracts HL, LY, VS, and the plane triangle SLY, referring 
to conditions of heterogeneity in which the substance exists in two or 
three different states simultaneously. On this surface there is a din- 
continuity of enrvaturc w here S, L, V join the develojiahle sheets, but 
the surface may lie made coEitiuuoiiH if the energy is apportioned 
among its several constituents in a different manner. The parts L t V 
can thus bo joined by sheets iSL, LY, YS r which form, with S t L r Y t o 
continuous surface exhibiting no discontinuity of curvature, but the 
points of these new sheets correspond to a jKirtition of energy' which 
is inconsistent with stability. 

Id coucluslon, incgive tht following oXAWpis (after Proft-asorGiht-s ' 1 in illuKtraEiou 
vT the niiuaier in which the liuldp] may Ik GraploTwl in thfl deduction of tbermn- 
dynamic) Jonii aln. Let L And V 'Fii^. 232, he tn‘o Oorrrttjttiulillg on thr 

L V cun pic—st L the AutatAiaie is vutirely liquid, and Ji V il ja a]] vapour, tlw 
of statr t:ik£ng |4 bcii nlcn£ the iiiin LV. Through L And V iJrnw jilim&a 
^TiwndEculnr to ibo asea of volume nnd eotnqiy rcapwtively. These iilzujr-^- will 
meet In (t lint? ABponLlfiL to lie osii* of energy. Further, let the tangent |]iin: 
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to tb® aurfacts ihe lint' LV bt- ALY, aeuI lot AXV hu lb* BO(L*eeili£Y« 

Ung«nt |.UTif. Thun If LB and VC be drawn perpendicular to All, t h#sr lino 
w\]\ I m parallel t*i tllr aXo df ^ and V respectively. 
But dlBe p mul r era rejirc&etited ill tbu maHtHT alrfudy 
docril*‘d (p. 755) it follows that 
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But k tli* change of entropy, i& passing from L 

to V, ami t* consequently equal to L /t where L t* tlm 
Liteut heat of YAjiortN*tioE ( ko that we have the frindantcnUl equation 





SECTION VIIJ 


ON THE ABSOLUTE SCALE of miFEIlATL’KE 

361. Intfoductlon. I he idea of on absolute scale uf UopsTuturc, 
independent of the properties of any particular substance, lias been 
briefly introduced in Art, 327, and this scale must be carefully din* 
tingulshsd from any other founded arbitrarily on the effects of heat 
on a property of some particular substance chosen for the sake of 
convenience. In the scale of temperature proposed in Art, 1 7, equal 
differences of temjierat lire are measured by equal increments of volume 
of a fluid enclosed in a glass measuring-flask. and the number rupre. 
sen ling i he temperature of a body on such an instrument wilt de[>ciid 
on the nature of the particular fluid employed. Each fluid will furnish 
* r ^ l!& [Messing a zero determined by the minimum volume of the 
fitly, and the scales furnished by different instruments will agree 
neither in their zero nor throughout their length. For this reason 
some particular substance had Lo be chosen for the construction of a 
standard lljorinometer, and for this purpose a permanent pas was 
found to possess special advantages. 

On the other hand, the system of thermometry, proposed by Lord 
Kelvin from thermodynamic considerations (Art. 327), is independent 
of the properties of any substance (and in this sense alsolult), and we 
have seen that if we possessed a substance which rigorously obeyed 
the laws oi a porfeet gas, 1 then a thermometer constructed with this 
substance so as to measure equal changes of temperature by equal 
cflanges of volume under constant pressure, or by equal changes of 
pressure at constant volume, would give a scale such that the ratio 
of any two temperatures on it (measured from the zero of the instru¬ 
ment) is equal to the ratio of the quantities of heat taken in and ejected 
by a perfect thermodynamic engine working between these limits of 
temperature. Consequently, if we possessed a substance which behaved 

' Tint U Boyle's law, Ud hfe ft BODslut huI y Mutant, or the two snsdfl# 
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a* a fcnalkd perfect gas even for gome limited range of temperature* 
then by constructing a thermometer with this substance and graduating 
it within this range into degrees of any arbitrary length, the scale 
could be extended in both directions outside this range, and the 
position of the absolute aero of temperature could be determined. 

Thus if air obeyed the gaseouB laws rigorously between the freeing 
pgintand the boiling jjoiut of water, and if this interval of temperature 
be roproaeuted by IbO, and if a be the expansion lor l , then the 
aW>lnte temperature of the freezing point would be 1 : 'a, and that of 
ihe boiling point 100+ 1 a* But since air obeys the gaseous Uws 
□rdv approximately between these limitt, the position of the absolute 
j!cru determined from the expansion of air in thus manner is only 
approximate, and its true position dan be determined only by observ¬ 
ing the manner in which air deviates from these law*. When this has 
been determined the corresponding correction can be applied to the 
previous approximate scale of the air thermometer, and the instrument 
may be graduated according to the absolute scale. 

362h First Example*—-Before proceeding to the description of 
the experiments by which Lord Kelvin and Joule determined this 
correction, and reduced the indications of the air thermometer to the 
absolute acftKit maybe advantageous to mention some general method* 
bv which the absolute temperature t may be cl Ed need in terms of 
quantities which arc capable of being determined without the aid of 
any previously constructed scale of temperature. For this purpose it 
i* evident that if we possess any thermodynamic relation, or any 
^nation involving t and other quantities which can be expressed in 
terms of p and r, then each such relation furnishes a means nf esti¬ 
mating t when the olber quantities are known. 

Thus, for example, if we take the equation of ArL 346, viz.— 



in which f, and r 3 are expressible in terms of p t and where L is a 
quantity of heat expressed in dynamical units, and requires for its 
estimation no previously constructed scale of ic(literature, we «ee that 
r is hero expressed in terms of quantities which aro capable of measure' 
nirnt, and which are indejaeiidenL of all im:thuds of reckoning tempera- 
tnre. Integrating this equation we obtain 
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stud consequently 



dp. 


This furnishes the absolute temperature corresponding to any picture 
C r n r p atid L being expressible in terms of p) of the mixture of liquid 
and saturated vaiiour, and the same pressure will correspond to some 
determinate temperature on the centigrade scale, or any other scale, 
and a comparison of the absolute scale with any other mar bo effected. 

In no cELse, however, has the specific volume of a saturated vapour 
been determined with sufficient accuracy to admit of the graduation of 
a steam thermometer (Art. 93) in this manner, and the foregoing 
equation has been employed so far rather for the calculation of satu¬ 
rated vapour densities than as the basis of a .system of absolute 
thermometry, and until the necessary experimental data have been 
obtained with much greater accuracy* the steam thermometer cannot 
compete with any permanent gas thermometer in furnishing an approxi¬ 
mate estimation of remperaLure on the absolute scale. 

In the same manner we might have employed for c In? expression of 
r any one of the thermodynamic relations of Art, 344, or any other 
equation involving t, and quantities which can be measured without 
reference to a scale of temperature. The foregoing is the frise of the 
steam thermometer, and the substance exists simultaneously in two 
distract states. When, the state is uniform, the second thermodynamic 
relation may be applied* and the latent heat of isothernial expansion 
replaces the latent heat of change of stole. 

363. Second Example.-—An a further illustration we shall 
sketch another instructive example cited by Lord Kelvin. 1 This 
includes the foregoing, and is the cast of a substance subject to a 
stress which is a uniform pressure in a!3 directions. Thus if we 
take p And r for independent variables in the equation 

^Q-fZU +prfr, 

we have 

T ^ = ^+(^ + p)rfr d> 


Consequently the equation of the adiabatic lines traced in the plane 
flu must be 



rfr=0 , 


(21 


1 Art Jl 14 &tqf r MfM* This peaUcm of the Arlidt,* d«l» with tin? 
luent nf temperature, iikd n |mrtk“ul*r3y vi^nmu. 
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Xnw if wc know rfU 'ip and </U dr for all valnea of p ascid r, then 
equation (2) yields the value of dp dr at any point, and hence we 

know the direction at this point of 



the tangent to the adiabatic curve 
passing through it. By passing in 
this direction to the consecutive 
point r + dv t the direction of 
the new tangent may be found in 
like manner, and the whole curve 
- const, may be traced, Starting 
out from any other paint in the 
plane, another adiabatic curve may 
be traced, and the whole family 
of them, <f > Jt ^ ^ etc,, may be 


drawn in the frame mariner (Fig, 233). 
Xow equation f 1) gives 


_ 1 WU L fl*P 

dy ~~ t dp 1 1,1 SU dr 



consequently to determin* 1 r we Have either of the equations 


dj> I dr * 

:-{%'*)!% 


( 3 ) 

(i) 


Hence if d$fdp and ity.ifr can be evaluated for nil value* of « M J f 
then cither of the equations (3} and (+) give* T explicitlv for any 
liarticLilnr value* of p and r. 

Now in tracing the adiabatic curves as above, some arbitrary cod* 
stunt value of 4> was attached to each curve of the system, and the law 
controlling the variation of ^ in passing from one curve of the system 
to another cannot bo ascertained unless we know more than U ,» a 
function of p and r. The only other relation that can Imj found for 
any given substance before a wale of temperatureu established is the 
relation connecting p and r at constant teinjwrature, and this may be 
determined by means of a single tfatjtntoicope without any scale of 

temperai lire attached. 

Thus if for any one arbitrary constant temperature Tft the iso- 
thermal relation between /> and v is /i -=f{r), then by (4) we have 

fd U _ ,i 
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if. which .n-iircm] b e nude * function of r alone by moans of (he 
imitation p =/(f). Consequently by integration of (5) we find 




’ ■ • • £»> 

where F(r) is a known function of ,, and e is an arbitrary constant. 
Hence tf the curve p - f(r) be traced (MX, Fig. 233), it will cut each of 
the family of adiabatic# previously drawn, and if the points of inter, 
section with any pair have absciss® r, and r # the difference of cut row 

Oil tm corresponding curves Will be " 




rims the change of entropy in passing from one curve to another of 
the family of sdiahatics is expressed in terms of a single arbitrary con¬ 
stant v and when + is known in this manner the absolute temperature 
'? ftlrtl,she,i explicitly as a function „f p and r by either of the cona¬ 
tions (3) and (4), with the value of the constant t„ alone left arblttary. 

In this invwtJgntion a knowledge of the isothermal relation con- 
"Cetmg and w for a single temperature Is required, as well as the 
value of [ U 0 for every value of p and r. This knowledge mav be 
obtained by measurements in which no use whatever is made uf \ IJV 
“ o( t ^ 1 i ,eratare - an(1 although we do not jiosses* it for any «uJ & 
substance, yet less than the whole of it suffices for the construction of 
a thermometer graduated according to the absolute scale. For this 
purpose it is sufficient to know t for all values of p and r when they 
are connected by any condition which may prove convenient in prac 
tice. for example, p may 1® kept constant, and we shall then have a 
constant-pressure absolute thermometer, or r may he Maintained con 
stunt, and if we possess the information required in the above investi 
gallon under this condition, wo shall have a constant-volume absolute 
thermometer, 

364. The Porous Plug Expert mem, -The investigation pro¬ 
posed by Lord Kelvin for the graduation of the constant-pressure air 
thermometer depends in principle on the determination of the heath, 
or cooling effect produced in a fluid when forced through a porous i,|,m 
or small orifice. When a fluid is forced through a small orifice the 
issuing jet possess a certain m rim which grade ally subsides at some 
distance from the orifice, and is converted into heat through fluid 
met ion. Thus if Fig. 234 represents a tube stopped at one part of it* 
length by a diaphragm pierced by a small orifice 0, and if a fluid he 
forced through this orifice from the side A to the side B by a p j ston 
M, which is urged forward by a pressure p, and if the fluid, as it 
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escapes into B, pushes another piston N before it with a pressure j* : 
then if M Lind X move with the mum velocity, 1 the kinetic energy of 
translation of the fluid moving towards A will bo the sum* ns that 
moving away from it when we consider regions removed some distance 
£ f0 m the Aperture. Near the orifice* however, in the region of the 



Vita m. 


rapids, the sis f#fl of the escaping jet has not subsided, and a large 
part of the internal energy of the fluid exists as this rit ritti of the 
nmeii, It might reasonably be expected, therefore^ that near the orifice 
tJie temparatture of the fluid would be decidedly lower than at some 
distance from the orifice where the rh rira of the issuing jet hat* sub- 
aided and has been con verted into heat. 

In an experiment made with a thermometer held near an orifice 
through which air was escaping under a pressure of about S utmos,, 
Joule and Thomson found a depression of temperature amounting to 
ir'42 C, A-t a distance from the orifice, however, in the region of 
the tube where tic motion ha* subsided into a uniform How, the tern- 
perature of the stream on the aide B may be either higher or lower 
than that on the side A, according to c he nature of the escaping fluid. 

Thu* if Ube the internal energy per unit mass on the side A* and 
p ami i' the pressure and volume, while l”, p\ r refer to the side !!, 
then the decrease of internal energy i* V - W and if no heat is siijh 
plied from without during the operation* i.c. if the tube and piatoue 
are nonconductors, then 1 - l must Ins equal to the work done by 
the fluid. Now in the compartment B the work done by unit msw 
of the fluid in pushing forward the piston N T is pv 7 nncl similarly, on 
the other aide, the work done on the fluid per unit mans by the piston 
M is f*. Consequently we have 

that is 

or the quantity l' + P ™ the same before and after transit. Conse¬ 
quent ly if the product ja 1 has not changed we must have U = JJ\ and 
if the internal energy depends only on the temperature, then the tem¬ 
perature of the stream leaving the diaphragm will be the same aa that 

1 [n the eiw ercompTW^if fluids, this em b arrayed b$ making the diameter 
u f the tab; tm the side 1J 3*fgrr thim that an the ndr A. 
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approaching it* lienee if the temperature is fount! to be the same on 
both eIdes T and if the fluid obeys BoylYs law, it follows that L' - U\ 
even though the pressure and specific volume vary, and hence the 
internal energy must be a function of the temperature only. But if 
the temperature changes in passing from one side to the other, then It 
foil own that U must depend on p ami r as well sis on the temjjeratlire 1 ; 
or. in other words, Mayer *a hypothesis (jk 370) will not be true. We 
have here, then, a test of the applicability of this hypothesis to the 
permanent giises which is very much more delicate than the calorimetric 
method adopted by Joule as explained in Art, 154. We must, however, 
give due allowance for deviations from Boyle’s law, and the foregoing 
remarks are made on the supposition that this law is obeyed. 

If, however, the product pr decreases us [lie pressure increases (a* 
is the case up to a certain I ins it with :i]J substances as shown by M. 
Anmgat'e experiment^ Art. 2\ 3), then on the high pressure side of the 
diaphragm the internal energy will Ije less than on the low pressure 
ride by an amount V - t H - pY pr t Lind we should consequently expect 
el cooling effect, even though Mayer s hypothesis were obeyed. Oil the 
other hand, if pr increases With the pressure,Ms happens in the case of 
hydrogen and all. other gases beyond a certain limit, then 1 ' will be 
greater than TJ by an amount pc - p V \ and there will be a heating 
effect. Hence if there is any vestige of molecular attraction in opera- 
tion In the gaflj mere expansion (without external work) will produce 
cooling, and there will be a corresponding difference of temperature 
on the two sides of the diaphragm, and ihis will be added to the cool¬ 
ing effect pV - pr produced by ex tern a 3 work in consequence of devia¬ 
tions from Boyle's law. On the other hand, the cooling effect arising 
from expansion under molecular forces will he diminished by the hedit¬ 
ing effect arising from deemaafc of jw under decreased pressure in the 
cm a of hydrogen acid substances in a similar state. 

The whole heating or cooling effect observed in any ease in sudl 
an experiment will consequently be the algebraic sum of the effects 
arising from two different causes; but if the deviations from Boyle s 
law are ao small as to be unobservable within the limits of experimental 
error, the whole effect may be attributed to the expansion under 
molecular force*, and will consequently he a measure of the deviation 
from Mayer's hypothesis. 

In the experiments conducted by Joule and Lord Kelvin 1 the gag 
under examination was passed at a stow uniform rate through a long 
copper spiral tube immersed in a bath which was constantly stirred 

l Phil, May. Itli series.! veil. iv. f 1SS2 ; Phil. Trot!#., 1^6^ 1854, 1862 ; Joulba 
$ricr4i/c Piper*, vol, ii. 
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and kept lit a uniform temperature. To tlie upright end, mi (Fig. Ii35j s 
of tills copper pipe a short tube of boxwood, was secured, and in 
this boxwood piece a plug of cotton-wool (or filaments of silk when 
high pressures were used) was fixed by mean* of two perforated brass 
platen shown as dotted liws at the extremities of the ping. This 
plug was "J ■ 72 inches long and 1 o icn-h diameter. A tin can, r/ fc filled 
with cotton-wool, was attached to the truss casting im Y and served to 

keep the water of the bath from 
coining in contact with the boxwood 
piece enclosing the plug. A ther¬ 
mometer was placed in the exit 
tube, with its bulb at a short dis¬ 
tance above the plug, ami in order 
to permit of the reading of the 
temperature this part of the tulsc 
(re) was made of glass. 

Among the difficulties met with 
during this investigation was the 
fluctuation of temperature w r hich 
occurred when the stopcock was 
opened in order to allow the gas to 
flow through the tube. This arose 
from the initial adiabatic expansion 
of the gas and the compression of 
the air in the tube,and although this 
disturbance soon coiwed on ;icuouul 
of the strenin of gas being in com 
tact iv ith the good-cnnductingcopper 
spimlp still further fluctuation^ wore 
produced by its contact with the 
pu,S£-i. surface of rhe badly - conduct i mg 

boxwood piece enclosing the plug. 
This effect lasted for n much longer time, and it was necessary to allow 
the stream to flow through the plug for a considerable period (one hour 
before the mult could be depended on) before any observation* were 
recorded. The cooling effect was besides exaggerated at first on 
account of the necessary drying of the material of the plug by the 
current of gas and oscillations of temperature were caused by the inter¬ 
mittent action of the pomp (raining wlkbatiitOEpansioii ^compression), 
so that it was very .necessary to secure m uniform a flow as’ possible 
Further, after pwdng through the plug, if there is any change of 
temperature there will be conduction of heat through the* walla of the 

































to ho directly proportional to the difference! of temperature, and in- 
versdv proportional to lilts quantity of gas transmitted in it given time. 

In' the experiment* at high temperature, however, it was louml 
necessary to inciwaae the length of the cup]>er spiral in order to make 
certain that the gas acquired the temperature of the bath, W ith air 
atul carbon dioxide, which could In- obtained in large quantities, the 
delair occasioned by the initial awrtuations of temperature caused no 
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tu.be, and si correction in this respect becomes necessary. This correc¬ 
tion was determined by an experiment in which the difference of 
temperature between the gtus and the bath was large, aiul it was found 
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serious difficulty, find the noassle depicted in Fig. 235 was considered 
t he best. Iu the owe of hydrogen, which could be obtained only in a 
limited supply, the iioseIb was altered ns shown in Fig, J3G. The plug 
<! wan enclosed in a short piece of India rubber tubing, and a cork tube, 
A, was placed within the copper tubing, in order to protect the bulb of 
the thermometer from the effect* of a too rapid conduction of heat 
from the hath, and cotton wool was loosely packed round the Sjulb ao 
as to distribute the current of gas as evenly as jaissible. The top of 
the ghu* tube if was attached to a metallic tube II, which carried tile 
gas to a reservoir in which it was preserved. 

In the case of all the gases examined a thermal effect was ex- 
pencnced after passing throng!, t 1 )e plug, ;l .,d this in the ease of air, 
oxygen, and carbon dioxide was a cooling effect. . Each of these gases 
showed a temperature sensibly lower than the bath after passing 
through the plug, but it, the case of hydrogen, although the first ex 
pertinents appeared to give a cooling effect, a later and more accurate 
investigation proved that ihe temperature of the stream issuing from 
the plug was higher than that of the hath. With this gttB there was 
therefore * heating effect, so that it stands out from the others in this 
roapect a.\m f as it doea in njgurd to ilevhiioiLe Irom Boyle's law V 
heating effect would be exported from this gas on account of the 
manner m w hich it deviates from Boyle's law, but that this effect 
should more than com, ter balance tl,e cording which must arise from 
residual molecular attraction, if any, or as to whether it, ln-drogcn 
this latter effect should be a heating rathe, than a cooling, could not 
m predicted u priori. 

The thermal effect in all cases wu* found to be proportional to the 
difference of procure on the two sides of the plug even for differences 

° ^ 1 T ^ bydt0gafl h ™^ted to a heating 

ot 0 039 C, per atmosphere bronco of pressure or the two sides 

The law of vacation of the effect with temperature was no, fulty 
determiiicd m tins case, and the foregoing number is taken the 
mean of tbc heating effects at temperatures between 0 and 100 C 

r ..| ‘7 l " , " ,i 'T lm ' th; ' ■'»)• be .p,.li,d , 0 lhe 

graduation of a hydrogen thermometer according to the absolute HCfl fo 
bur this purpose we must base the investigation on the condition 
wh.cl, controls the experiment, vu. that thc quantity , T 

unaltered. .Now the general equation ^ SU ~ pfr mai ho w ritten 
HI the form ' 

5[O+pr) = t^0-rT^i . 

and consequently, since V + jar does not vary, we must have 

r4^ 4 r5ju 5 


m 


m 
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and if p and # (the temperature registered by an ordinary centigrade 
thermometer) l>c taken as independent variables thin become* 

/# f , d$ A \ 

*{&**<£**)*&=* • * * ■ w 

Blit by tlie fourth thermodynamic relation 


therefore (3) becomes 


or 


[tv Cl- 

"( 2 ) "■ r ('‘Z)J‘‘■ +r »- ,| ■ 


now 1 in this equation 


therefore 


ii\ r _ 

\lr " - Sp ' 


T di* 



=Cjh 


efr _ 5c? 
T *- r =%, 


H) 


Here i& measured in dynamical units as a quantity of w r ork + and 
its measurement does not necessarily involve the idea of a scale of 
teni|>enicnre, being merely the quantity of work required to be spent 
in raising a unit ina^ of the gas Eh rough a range indicated by two 
marks on a tbennoscope, which if desirable might he taken as the 
interval of temperature between the freezing point and boiling point 
of water. Further, A0 op is the tooling (or heating) effect per unit 
diderence of pressure on the two sides of the plug, and £& may he 
measured in terms of the same interval of temperature uniL Thus 
we now inquire an interval of temperature in terms of which the 
absolute temperature is to be expressed, ami in the preceding investiga 
tion this is represented by el degree on the ordinary centigrade scale. 
ZJow for hydrogen oW w;y found proportional to ^ and for one atmo¬ 
sphere difference of pressure f | wo have Ap= - H and S&= 0‘03^ f 
ihereforc 


5/» n * 


1 ff thm hi avithi’r licnt] n£ n*>r cooling &tt sk xttv, nnd wo havo 

tfr tfr 

T 2 ? 

»□ that 

log r^lag c+ C 

wiiirp C i» i Ax patten ftf p ftleutf. Consequently tin* cliurjctcrislie epittiub uf [hi 1 
subsUmei*- m n i []ic farm r = 
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and tho equation become^ 


tlr 

T itT 




_ 0*08^1 

\\ ^ 


rfr _ tin 
"f “ir-O^flCyil 




Consequently, if we nttiimo L’ p to U' cotwtnnt within the rangi; of the 
experiment (and it* variation is undoubtedly very small) so lh:n the 
ofTeut of this variation is negligible in the small tonu in which C p 
appear*, we have by itHegrntkm 

|ng if = lug (r - 0 'dSSCf/ 11 ) + 

or 

r=m(r-O iD^^ II) W 

where if i* an arbitrary constant which depends UjKm the unit of 
toni|>firat a re adapted. 

If r b and r, cort-c^nmd to the freezing point o! water, while x |Cll 
and r 14M eorresp>nd to the boiling point, and if this interval of tempera 
tnre bo represented by 100, a* on the centigrade scale, then (G) gives 
?„ _ i-* _ - o ‘oaBCjjll 

or 

fg^—tl-O-OttPC^ r n > . Pi 


where ii is ihe expansion of unit volume of hydrogen between the 
freezing and the boiling point* of water. 

Now r fj if* llio volume of unit al the freezing point under the 
pressure p, and if V„ be the volume per unit mass under the pressure 
of one atmosphere El, then 1,7> may be written in the form 

Now BognnuK found that the quantity C* HV M for hydrogen agrees 
with that for air to A per cent, and for air be found NY„ (height of 
homogeneous atmosphere) = 7®90, whereas the specific heat expressed 
in thermal units is 0*338. Hence if we take the number 127 for J 
the equation may be written in the form 



where for hydrogen e- 0004®, and for thja gas expuiding under 
a constant pressure of one atmosphere <. = 36613, which gives 100/n 
— 27A l3 t therefore with r 0 = V 0 we find 

t*t 7 27 :i. 

The teiiiperatnre of melting ice h consequently 273 on the absolute 
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scale when the interval between the freezing point and the bailing 
point of water is denoted by 100, 

Numbers agreeing very closely with this were deduced from the 
experiments on air. and a fairly concordant figure was obtained from 
those on carbon dioxide. For each of these {pises the thermal effect 
was a lowering of temperature, which, iiL the case of carbon dioxide, 
was very decided. This cooling effect was also found to be sensibly 
independent of tlie pressure* but to vary considerably with ternper&tlire, 
and this variation was found to he very approximately as the inverse 
square of the quantity 1273 ■ 0 where d is the temperature centigrade 
on the mercury thermometer, and consequently it will be sufficiently 
accurate to write in the small term in the denominator of (5) the cooling 
effect per atmosphere in the form 


and we then have 


i$ A/t^v 

A 7 ~U\t)' 

where r u = 273. The value of A for air was found to he 0"275 T and 
for carbon dioxide l’3R8. 

I to tit ruing to equation (-1.) wo have 



tlf f, f M i T" n 

II \ r 

that is 

dT\Tf II 

consequently 



U ’ 

J r a 

and therefore, if wo rein'd as constant, we have 


r r n c^At.y i n. 

r'r,r“ :ill V t,»J ' 
coasetjuontly wo deduce at once 


r- r n _T-r,f 
* \ 




or if the interval t - r n l>c reckoned liOO, then u denoting the orpaiiBion 
of unit volume between the freeing point and the boiling point of 
water, we have 
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where 



and the lilt ter factor differs so little from 


‘{“(fattc) 4 - 7 "' 

the inoun of the cooling effects at 0 and LOU 3 C, t that if this mean 
hud been lifted, as was done in the ease of hydrogen in absence of 
anything better, the effect on the result would he scarcely pereeptiblo. 

Eegttwdl found ty HV C greater for carbon dioxide than for air in 
the ratio K1& to I for the average of temperature* between 0 and 210 , 
but he also found thin the specific heat of thk gas varies largely with 
temperature* and tubing the mean of its value at 0 C. and 100 C, as 
the proper mean in this investigation,, we find that Cpfll \,, for this 
gas is 120 times the value of this quantity for air. This latter we 
have already found to he '0121?, Hence in the formula 



the quantity r has. the value - '00049 for hydrogen, + '0026 for &ir T 
and + -0163 for carbonic acid. The following table of result* is 
extracted from Lord Kelvin's article; 


SrUM* nf fin*. 

K S [.IftElaii ill :l[- 

0*» AfcTi\ 
helwrani 
tf MUl 

BwlisK 

E h ulbl*, 

fktfWIilJl., 

A- 

PmjHT H'an 

Effect 

EK*F AtjlW., 

HL 

truduftTcIwi 

nl 

Trmjwrnturfl 
••I M-mI t m- 

If*. 

100 V 

tV-rmrilnn 
Htaulital 
tnrnt Ct-willlU! 
EITwl, 

11,1 C * It 

. 11 Vi,' 

AWuIqtS 
Trms^t^ture 
i*t JMlsosr 

Hvdro^fii + . . 

- 

•aerti.i 


27^13 

0-13 

27JS 

Air . 


•38/ as 

+r-20« 

272*44 

-r0 70 

37314 

CubordE acid , 


*37108 

4l'-4i 

mi* 

+ 4 4 

273U 


A* thr si|M rinii iil' Oil sir W4r* miff* tra*tirtrt% ih*n those on Imln^eu, %hr 
number 2"3li obtained from theta regarded is the mo*t tollable 

to llnr nhsuluU: of mdtthg Ice. 


The formula 


r - r 

y 



where M is the proper mean cooling effect, has l>ecn employed by 
Lord Kelvin to calculate the expansion* of the rations gases for which 
M is known, and the close accord between the calculated and observed 
values is very interesting. For air, oxygen, hydrogen, and nitrogen 
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we have C p /nV 0 = -0126. so tlunt the above formula gives the expan¬ 
sion between 0 and 100 , 

The values of M derived from Joule and Thomson's experiments are 
- 0'039 for hydrogen, + O'208 for air, +0 253 for oxygen, and 
-i- 0 249 for nitrogen. 

The following numerical results are given by Lord Kelvin (Art* 
14 Heat') s 


XilM or Gsl* . 

iif ErpuuJafi, 

Hydrogen r 

Air . - . 

Oxygen + 

Nitxogan , 

Carbon dbxMtf . 

O’OOJiflSaCJ - 0*00019 VJ r'i 
0-D08MS( 1 + O-OWU V„/rl 
o-wamtl +0'0032VVrJ 
0-MaW3(] + 0*003 lVJrj 
o-oosj^i+ouKtav^c) 


For different value* of YJv the results deduced from these formula* 
are compared with those of experiment in the following table; 




i:\Jiiibiiiari f jj enUNUnlJ twtmD GT 


V 


unrt jflSi' CL 

Mnu (iti. 

ML 




* 

DtjtqkW!. 

Ukwervwt (Bflpxui j. 



■3962 


Hdtfl^U „ . 

i 

■36641 

whs 

■3 

■ye?r 



S’Sf* 

IIC&B 

30010 






fo 

-3S62 



h 

aers 

'36700 

Aar". . . . + » 

-it 

36frJ 



| is-as 

’360J 

^951 

. 

l« 

■sria 



P 

■300-i 


OxVglMl .... 

V s 

1J074 

“3MH*7 

— 


u 


* + + 


I® 

-3662 


Nitrogen .... 

ji 

110*3 

DflBS 

... 


U 

•3730 

+ P + 


0 

'3662 



I 

'3791 

%1709^ 

C&rhon dioifdr . . 

■ 3 

-asm 



3-316 

3S5& 

*334 Si 


« 

-4Q1& 



The cooling effect was also investigated in the wise of mixtures of 
different gaaea, and it was found that fhc cooling of the mixture oh 


MwtuncB- 
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pasting through the plug was not the conrapondiiag mean of the cool¬ 
ing effects of the constituent gases. Thus oxygen and nitrogen taken 
separately ^how’ed almost the same deviations from the condition of a 
perfect the deviation of nitrogen being Rightly less than that of 
oxygen ; but a mixture of oxygen and nitrogen appeared to deviate 
] ms than nitrogen r In the same way a mixture of carbon dioxide and 
air would be expected to show a smaller cooling cfecl than pure 
carbon dioxide, and a larger cooling effect than air. This was found 
to be she case, but the cooling effect of the mixture was not that which 
would take place if each constituent produced its own proportion of 
the effeet independently of the other. This evidently points to some 
i a ter molecular action between the constituents of the mix lure, or to 
diffusion effects in passing through the plug, 

365. |CalIendur's Method of Correcting the Gas-Thermometer. 

_The question of the determination of the absolute aero and the 

thermodynamical correction of the scale of the gas-themtemeter has 
been the subject of many scientific papers. The following method of 
investigation, which is due to Professor Callendar. 1 nuikoa use of the 
results of the porous ping experiment, as well as those relating to the 
proper!iea of gnscfl obtained by Qhappuia and others 
Equation (4) of the preceding article may lie written 



where M k the coding effect I .*/ ) ? y' having the same signification 
as in Art, ft44, We may also obtain a similar equation with r 
independent variable instead of p r For suppose the gas after issuing 
from the plug to be heated up to its original temperature, keeping the 
pressure constant, The beat required will be - Cy/r t dr being the 
measured of teni|H*rature in the porona plug experiment. This 
must be equal to tbo increase of internal energy together 

with the external work done d(j*r). Therefore 



and, using the formula till = rd# - p/r combined with the second 
thermodynamic relation, we get 



so that wo have, making r imb-pendent variable, 

1 niL Mtty rf Jan, 1EKJ-LS, 
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In order to determine the absolute sero on the constant pressure 
gas-thoriiiOJjLOter p Professor Calendar makes (he approximate substi¬ 
tutions (dr fdr) p = R > and B pr If in (l) f which give# she simple result 

K 

This formula must bo accurately true at some (ioEnt in the neighbour¬ 
hood of 50* C, where the degree-save the same she on the gits and absolute 
scales, it will, however, also give a very good approximation for the 
freezing-point correction r |fc - !>,, for the scale correction at this point 
only js neglected, and this must be very email compared with the zero 
correction, since the whole number of degree* between O' and 100 C, 
is the same by definition for both thermometers. Writing therefore 

T -B 

™||— j| + 

and employing the proper mean value of C p M which correspond! to 
the point where the degree! are of equal size, we obtain the *ero 
correction. This formula, is equivalent to that of Lord Kelvin given 
in the preceding article. 

For the constant volume thermometer, Professor Calendar sub¬ 
stitutes in (2) the approximate value (dp \ir)y - (dpjdv\ = - p *\ which 
occurs only in the small term on the left. Also putting (dp Mr)? = K V, 
which, however, is only strictly true where the degrees are the same 
size on both scales, the m \nation becomes 

In order to evaluate this for carbon dioxide, we may take CpM = 7 9 cc. 
as the proper mean value. Also the value of d(pr)Jdp at or near 
50 C, may be taken as 21 ee, from Amagnt’s observations do carbon 
dioxide (Art. 242). The value of p is the pressure in the gas- 
thermometer at the point considered. Adopting Chappuis’s value of 
the pressure coefficient at HJO cm*, initial pressure, namely '002 7251, 
y\- 268 45, and ^-119 ems, = 1*58 10 B C.&J6. units at 50 C. and 

Liking R - l‘89 x 10° we find the value of the correction l 55 s which 
gi vfs r 4> = 2 7 3 0. This n egl cuts t h o seale-co erection at 5 Q , w hich 
however is less than 0 *05. 

Another method employed by Professor Calendar is to throw the 
characteristic equation oi the gas info the form 


AtnoliEte 

ucro on 

emiataiit 

piVSMIfV 

thermo- 

iintor. 


Ataolatc 
wto on 
hhuIu} L 
VOllLIl It! 

tbeimo- 

muter. 


pr 

r=^ + . 


{3} 


while the temperature 0 registered l*y the giis-tliemonicter, oben 
the l»w 


THEORY OF HEAT 


i Tin 


784 - 

■R and R‘ being eonstwiM. These isobb twits ditTur slightly in value; 
in faet, if we put r„ and r t for the temjieraturcs of the freezing and 
boiling point respectively, and write 








ti 

*** - "i 


£5) 


m 


and solve for R and K\ remembering that t, - r it - O t - 0^ = 100, 
we get 

- gf i 4-fC? 1 \ = P ,r l ... 

ft-K|i+ 1£W ^ IDO 

The zero correction for the gas-thermometer i# r by equations <B>, 

but by ( 6 ) 


therefore 


i 1 _ 1 ¥» _ 9» 

U R' R’ - 100 




(7) 


(■> 


Again, if M is Ute temperature centigrade, and ot? the &cale correction, 
that is, ihe difference between the true centigrade temperature t - t q 
and the reading & = O - & {} given by the gas-themwietur, we have 


3tf 


i.r by (7) 


— T — T* I H - . ja I jj ' ) "*" r i 'Ji. 


w 


III order to calculate the correction^ we must atonic some form 
for the characteristic equation of the gas, Professor Callcndar adopts 
the modified form of Clausius's equation (Art. 243) 


Et a 

r= p ~ Bt* + ^' 


which he writes an the more general form 3 


Rr 

F= 

? 


( 10 ) 


where This equation agrees very well with experiment, 

if the pressor® < 5 within moderate limit*, and if a amiable value is 
;i&Bigncd to »■ kor carbon dioxide .'i for diatomic gases ft - P 5 , 

* Tbi quantity K which cwr«|Mmda to ih* I in \\ n d* t W.mU’auquititw (p* 4 B 2 ), 
ii m\M til-- a It b th* rurt^iiciD to be jtppJM to tL p true volume r to 

Obtain tin vdnmr r-fr which vitto armrclmg t o Boyle* Jaw, Tht quantity r, 
coirfhlw-tiiliaK to th* P™mn Iftni fl, H ill V« der Wubfr equation, i§ called by 

CalteladAT thr ta^afttreyat i W-WWin^ r il repre*raU lb* diminution 4 >r volume 

uau^d by tbe IbrcufltioiJ ttiokctiUr ngpvgitefc. 
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unJ for monatomic giisw a = 0‘5, Differentiating j 10) mid substituting 
in (1) wo get 

C^M=(n + l)c-S . (11) 


Also 



Comparing equations (5) and (10) we have 


OS) 


.(13) 

so that equation (13) alone will furnish a means of calculating the 
corrections, and this would obviate the necessity of assuming the law 
of variation of t with tcmiierature, But, in calculating such small 
correccions, it is bettor not to rely entirely on the compressibility 
curves, but to make use of the more accurate method of the cooling 
eiTect. Hence Professor Callenikr prefers to calculate e and b 
separately from equations (11) and (12) combined. 

The most important case U that of the constant-volume hydrogen constant 
thermometer. Putting M, for M and r 0 for r in (11), and taking the ™^ Me _ 
value C Ji M () = 4'2 from the experiments of .Joule and Lord Kelvin; danno?' 
ninl similarly putting d(j>t') <l/i= -6 ‘5 from Chappuiss ex]>eriments 1nt ' lfir - 
on the compressibility of hydrogen at 0 C., wo get, since w - 1-6, 

2-5f,-J= -4-3 
e D -i= -6-5, 

whence q, = I-SO and l> = S‘0. We may put fyr T(h for p iit the ex¬ 
pression for q, as the volume is supposed constant, and if wo also 
substitute e (l fv (l t) 1 ‘ s for e, equation (13) becomes 


and similarly 


„tv. 
" R 





M Pd> 

It ' R 


substituting for q t j lF and q 0 in equations (8) and (9), we have linaily 

' ,/S)} 


By the first of theso fuitiinhu Professor Calkndar obtains 273’I as 
the absolute temperature of the freezing point. and from the second 
he computes the following table of corrections for the constant volume 
hydrogen thermometer, the initial procure being that of 1 metre of 
mercury ; 

3 h 
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GtomtUVt 

voltjm* 

CO, flur- 

DionKUr. 


7 M 


Tm& 

i'bllt. 

Conet'MGflL. 

Tfinjv. 

Mill, 

L’rjrfrtrt^jqt, 

Tump* 

cmL 

CC4TTJct]ull J 

a 

-250 

* 

+ OT005 

* 

10 

c 

~"00016 

GO 

a 

- -00024 

-yoo 

+ooaii 

so 

- 

SO 

- -00013 

- lfrO 

+ 00132 

m 

- 

ISO 

+ wm 

1 -100 

+ 0-005-1 

40 

- '00010 

yrx> 

+ D023fl 

- 50 

+ ■00104 

so 

- -tfHMO 

300 

+ 'OO-frP 

- 20 

+ -0OQ4G 

00 

- -MOM 

4 SO 

+ ^01257 

| - n 

+ ’00021 

TO 

- '00032 

3000 

+ TI43S 


The ease of carbon dioxide is also interesting Professor Calendar 
mlopts a somewhat different course here. The cooling effect for this 
g:a is comparatively large, and by taking its values at 0 and 100 C. 
the calculation can be made without using equation (J 2). If C D and 
C, are the values of C fl at O' and 100 C., we have, substituting 2 for 
it in equation (U), 

C.S[^3r,-fr 

from which <■„ cal) be calculated by putting fj = <^273. 373)“. The 
expression for q is 

i* V* 1 - ^ 

* B* r*T * 

and equations (8) and (9) take the simple form 

T, -^ =1 * W tS7aR 




„ 0 -I 0( > 

a"» K t 


The first of these equations, by putting r e = 3'76, R = 18H7 10*, 

pressure of I metre of mercury, gives 273 05 ns the absolute 
temperature of the freezing point. 

Professor Calendar also gives fortnul® for the constant pressure 
thermo me ter, and discusses the results for nitrogen, steam, aiul the 
inert monatomic gn*es- 

366. Temperature of Inversion of the Cooling Effect,—The 

experiments of -Ionic and Lord Kelvin show that, the cooling effect 
diminishes with rise of lumi-nature. It would naturally then lie 
expected that at a certain tempera turn the effect would vanish, and 
above this tcin|>ei ature the gas would be warmed after passing through 
the porous plug- Thii- is found to bo actually tin* ease. For air the 
tetupHsraturc at which the cooling effect vanishes ap]tears to be some¬ 
what below 100 C. In the case of hydrogen it is far below the 
freezing point- Thu* hydrogen no longer occupies an anomalous 
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|j 0 »iti(>;i in this ic^poci ; it differ from other gases merely in jjob- 
a lower temperature of inver¬ 
sion. At n sufficiently low temperature 
hydrogen also is cooled by free expansion 
(Art. 193). 

The temperature of inversion of 
the Joule-Kelvin effect for hydrogen 
haa been experimentally determined by 
Olszewski. 1 The apparatus is shown 
In Fig. 237. Hydrogen p carefully puri¬ 
fied* entered under high pressure bv 
the tuba ci and, after passing through 
the coil b t ese:;ijh.:d ut the valve which 
ia of the same type us that used in the 
apparatus for liv|uefyiug the gas. The 
valve c was enclosed in a thin metal box 
M, and the gas issued from this hox by 
the vertical tube p f through which ctlso 
an electric resistance thermometer wm 
introduced, The electric connections 
were made by means of bill ding screws 
at / and y. 

So as to he able to surround the coil 
b and the metal box with different re* 
frigemnts, the metal cap *m wast-emerttod 
to the top of a thick-bulled glass vessel 
IL This in turn contained a thin glass 
vessel mm T insulated from the former at Fto ar. 

the top and bottom. The temperature 

of the coil and jet could be roughly determined from the readings of 
a mercury manometer attached to the apparatus. 

I-sing liquid air as a refrigerant, considerable cooling was observed 
on opening the valve r, and the same effect was obtained in a less 
degree with liquid ethylene, boiling at 103 C. A scries of experi- 
ruenta was then made with solid carbon dioxide and ether, beginning 
at - 73 M Ch and gradually reducing the tomjHiiriture by means of an 
exhaust pump connected to the cover of the apparatus at fc. At - 78 
there wm a slight beating effect, and :it - 83 : a decided cooling took 
place. By numerous trials it was found that the temperature at 
which the Joule-Kelvin effect became mm was about 5 G< The 

pr&ttura of the gag before expansion was between 117 and 110 
atmospheres.] 



1 jY&Mrft, roL Ixv, p. 575; l&Dl 
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KINETIC THEORY 07 OASES 
SECTION T 

t § AX IK EQUILIBRIUM 

367. Kinetic Theory of Master.— In the third and follow¬ 
ing flections of the Hrst chapter of this book a full account has been 
given of the researches which have led physicist# to reject the caloric 
theory of heat, and to adopt the view that heat ip a form of energy^ 
anil further that the heat-energy of matter i# kinetic, being due to 
the agitation of the molecules or atoms of which the matter is 
constituted. According to this theory the motion of any one 
molecule or atom is continually being modified by the presence of its 
neighbours,, and when two molecule# approach each other sufficiently 
closely a limiting position is reached in which further approach is 
impossible^ and the molecules begin to recede from each other. 
Such an occurrence is generally referred to M an encounter between 
two molecule#, and the stal^jncut that encounters take place 
involves the assumption that when the distance between two 
molecule# h very small, certain forces of repulsion are called into 
play which cause the relative velocity to lie reversed. We have at 
present no precise knowledge of the constitution of a molecule or of 
the nature of the forces which they exert on each other, and even 
if we possessed such knowledge it is almost certain that the 
mathematical difficulties of the investigation would prevent us from 
making full use of it- We know, however, that though the molecules 
of different forms of matter are differently constituted, yet there are 
certain general properties in which all forms of matter resemble 
each other, and wc may infer that these properties do not degjoud 
on the particular molecular constitution of the kind of matter which 
may be the subject <d investigation. We have a right then to 
expect that any reasonable mum prions as to the form of a molecule, 
and the nature of an encounter will lead to useful results, 

rag 
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although the data with which start our inquiry are fur simpler 
than those which the modern theory of molecular and atomic 
structure would suggest (see p. 70). Some general theorems have 
iiicletM - ! heou obtained hv treating the molecule as a mechanical 
-system possessing n decrees of freedom, without specifying definitely 
either its structure or the forces which act during nu encounter. Tu 
what follows those data will, however, lie assumed which, from the 
physical point of view, appear to be the simplest. 

As the properties of gases are simpler than those of liquids or 
aolids, so the assumptions which arc made in dealing with gases on 
the kinetic theory are simpler than those which would have to l>e 
ramie in the other cases. The path of a molecule in a gas between 
two successive encounters is assumed to be & straight lino, and this 
greatly simplifies the instigation. Many of the results given in 
this chapter strict)y apply only to a monatomic gas t viz, one in 
which the molecule contain.* only one atom. 

368, Gas In Equilibrium -Data Postulated—In Arts, u3-55 a 
short account has been given of the molecular theory of matter, and 
it h^ there been shown that Hoyle's law for a gas in equilibrium i* 
expressed according to this theory by the equation 1 



when p is the pressure, r the volume of unit muss, and <s 2 the mean 
square of the molecular velocity of the gas* We shall now invest (gate 
more fully the consequence* of the dynamical theory in the caao of 
g^ses. The first stop is to determine the way in which the velocities 
are distributed amongst the molecules in a gas when steady state 
is attained. 

At first sight it might appear that in a state of equilibrium the 
velocities of the molecules would be all equal. A little consideration 
will, however, convince us that this is not the case, for even if the 
velocities w ere originally equal, the encounters between the molecules 
. would toon produce an inequality. For instance, if two equal 
smooth elastic spheres, moving with velocities of equal magnitude 
collide, they will nut have equal velocities after sqm rating, except 
under special conditions of im^tacL Maxwell* firut enunciated the 
theorem that file WMjments uf menhir rdWy tm d&trifjultd amongst 
the tttoh'u!t$ awrding fa the same taw ns (he errors are distributed 
amongst the observations ta the theory of errors of oltsenathoi, This is 

1 The huXaIloil hrre julqited is more convent at far out prese nt purpota thin 
thnt of Art, 5ft, 

- Sdentijh Papery voL i H p, 317; vqL ii p, 43. 


790 


THEORY OF HEAT 


CH AP, EC 


Maxwell's lnw of distribution of molecular velocities. Mu swells 
original proof of thia theorem is open to objection, but w r as afterwards 
Improved boils by Muse well himself imd by others. A method of 
proof by L. Boluruami 1 * is here adopted. 

tiinee the velocity of a given molecule is constantly changiog^ 
both in direction mid magnitude owing to encounter* with other 
molecules, we do not attempt to study the path of i\ single molecule, 
but adopt ji statistical mode of treatment, i.e. we consider the 
molecules ns divided into classes according to their velocities and 
estimate the number belonging to any given class. Til the case of 
a gas at rcat and in thermal equilibrium* the number of molecules 
in any class will by some function (as yet unknown) of the velocity 
characteristic of that class. \\ hen two molecules of anv two chides 
collide, they will in general, after separating, belong to two new 
dosses. Hence each cla^s is continually losing molecules belonging 
to it, and at the same lime continually gaining fresh recruits from 
the other class**. The condition for stability of distribution of 
velocities h that each elzvas should in any jjeriod gain as many 
menders ns it lones. In order to obtiiin this condition in the form 
of a mathematical equation it will be convenient to make the 
following assumptions : 

(l) The molecular velocities* are without any regularity of distri¬ 
bution jn space* It, the probability that a particular molecule should 
belong tn ft particular clus* is quite independent of the class as to 
wbich it* immediate neighbours may belong.* 

(-) The molecules arc m small and m sparsely distributed, and 
the time occupied by an encounter is so brief comjmrod to the period 
between two encounters, that encounters; between three or more 
molecules are very infrequent, and their effect- may be neglected. 
Thus only binary encounters need be considered, 

(3) The law of conservation id energy hold* for [he kinetic 
energy cf molecules during encomium 3 

1 ForfttK^H I iUf iJnxfhrtfrii r, \a\ r j. dinp. L 

3 This Luaumptlen ha* Wit !■:* hy S. IL Ihirkuiry ( Phil. Jlfarf* r 

lWI)cu tlii gmwA that l tie mutual Lh0h*ihv of ilio zaolcoul'Mi would tiad to 
(irmlu^ quality nf velocity m utighbolirtiig metarule, » tbit n kind of menhir 
drift vttmld b* going on cvvil in * gan m f ^t p that k, * gM having uftsensibW 
eunnta through it S«s tlao tin- pn-fkc« to Burbury* Kiltie Th^y „f r; n$tt 
A proof ufltin^llV law «if di^ldhutioik of Vclodths him. towevor* Wti given hy 
J. H. which is not bind on tb* > iHtimptfan iu^uIht chu*. (Dmumiatl 

TA tor*/ t>f Gam, chnjL iii.j. 

3 l‘ W ol'ViiHU lh*t *hv i-rrtTcrtii'lr » r tin sfnirtrntkii, u f BnrrgT, tu-], „ tiVei flw* 
■luring the ceUwen of tni|KTf«Mly clurtic IkxJim, w<n , M fc. t te . lMUlUtri|lt w , th . 
iltuiy itote, sine* » to*. of kin.tic uusrgj « u u|,j thru Ik. eoi.timully ^S.i* „„ 
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( l) The molecules are hard, smooth and perfectly elastic spheres 
ivliieh rebound on collision acoonling to the ordinary laws of mechanics. 
The last assumption is frahkly made for the purpose of simplify¬ 
ing the investigation and Avoiding the difficulties inherent in a 
geiterrd mathematical treatment 1 We dq not, of course, believe that 
the molecule* of any gas are clastic spheres. But, according to the 
modern theory of atomic structure (p. 77% the mass of the atom i* 
aliuo&t entirety resident in the central nucleus, which is extremely 
finialf, so that, tdrice the atoms are not broken up or ionised lav 
ordinary collisions, it k probable that the energy of rotation of the 
atom of a monatomic gas, in so far m it is communicable between 
atom and atom, id; negligible compared with its energy of translation, 
Sndi an atom may be regarded as very approximately a body 
big only three degrees of freedom like the smooth sphere which we 
take as its model. The supposition that the exchanges of energy 
Md momentum which occur during a collision are I he same us for 
perfectly elastic Spheres is probably neither very exact nor very 
widely divergent from the truth. As we have already indicated, we 
may expect that any convenient hypothesis sts to the shape of a 
molecule and the in echini ism of an encounter which conforms with 
our other assumptions will lead to those properties which all gagtes 
have in common, in spite of the diversity which they exhibit in their 
chemical constitution, spectral linos, etc. Maxwell, for instance, 
investigated the probities of a gas whose molecules are isupi*>j?cd to 
repel each other with a force varying inversely as the fifth power of 
the distance, an assumption which a bo simpl ifies t he mathematical 
treatment At the same time it must be borne in mind that in 
calculating relations between the specific heats, viscosity, conductivity 
and other constants which are different for different gases, we cannot 
expect to obtain accurate numerical coefficients in all cases* 

without possibility of rwoverj, fUt-t a ^onvendou of eurj^y ef transition Into 
potential energy (ns when gravity is suppled to actf or into internal energy of the 
molemde {providiM tlm is rmuvcrtibl* into smTgy nT ito Halation) may take pken. 
Tims to tahv a suujiEa r4*c, if the raolccahs ore to tk- epwooth flli^k^ 

of revolution, the Law of Jin tri but ion of velocities would lint apply to the vebjidtre* 
of rotation about their fi*en of rtvq|utioQ h but would Apply la the yrdmrUiHii of 
rotation about bjlb* perjHmdirular to theM*, “We tuay ubserc-e that ihon^lj tMch 
i inlmdu.i! eneoiintur u asianmwl to bo f avertible in char act ft, the Q.£grcg.L|ti rt-mli, 
r>r the process by winch a gas attain* a stale of thermal equilibrium, h ns 
irroveralblir as the m i xing of I WO fine Jiowdi- ts. 

1 Far the more funeral iUEcuseiaii, in which the luolteules are regard td a.s 
dynAEnienl ay k U-Iiis uf H degree! of freedom sp«dGi}d by ge acral LHt*l co-ordinata'i, 
t tie re id fir in referred to tnuilseu on the kinetic theory, r,^ K Jinni’ Dynamical 
TAtary of Casts. 
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309. Velocity Diagram — Encounters between Molecules of 
Different Classes.—The simplest case which we can consider 1^ that 
of a single gns whose molecules are spheres all of mass wj and 
diameter -hf. The gas is supposed to be at rest as a whole, and in 
thermal equilibrium with the walls of the containing ycbsoL This 
means that no energy is gained or lost by collisions with the bound ary, 
a condition which may he secured by supposing the molecules to 
rebound from the walls 21 s from a iierfecily smooth elastic surface. 
External forces such sis gravity will, for the present, ho considered 
absent. If a given small volume is taken in any part of the ves&e]— 
this volume being yet large enough to contain a great many molecules 
—it wilb owing to the homogeneity of the ga* # contain the same 
number of molecule.', whose velocities are distributed according to 
the same law, in whatever part of the gas the small volume is taken j 
and further, the total energy will Ins the same. While we suppose 
the state of the gas to be uniform throughout, we need not at present 
assume it to be steady f M. the distribution of velocities will be 
regarded as a function of the time as well as of the velocities. 

It will be found very helpful, to represent the velocity of n 
molecule in direct iota and magnitude hy men ns of a ft forify-ilimj runt 
(Eig. 338). Take any point G us origin, and let 
the line OA represent the velocity of a molecule 
in direction and magnitude. Then the point A 
may be called the velocity-point corresponding 
to that particular molecule. If we suppose the 
velocity-points of all the molecules in a unit 
volume of the gas to lie thu* marked on the 
diagram, then we must think of the whole space 
(in three dimensions) as closely dotted with a 
multitude of jKiitils, each one representing by its 
position relative to O the velocity" of the corresponding molecule. 
The density of the points, viz. the number per unit volume of the 
diagram -bjwicc, will vary with the distance from O, but p since a 
molecule is just as likely to be moving in due direction as another, 
the density will be the same in all regions equidistant from 0 in 
other word*, the diagram will be sensibly symmetrical round the 
point O. It must be remembered that the point A represents or ]y 
the velocity ol the molecule, and gives no indication of its position 
in space. Thus two molecules whoso velocity.points are does together 
may themselves he far apart in the gas, and raw rtr&i. 

If we take any set of rectangular aves through 0, then ihg 
components of velocity u, r t w of a molecule A can he represented by 
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lengths n t r, tr measured along these axes. We shall call all molecules 
whose vdocity components lie within the limits 

11 mnd u +4fo* r m4 V + dr , ic and if -f dir 

" molecules of el sm (tr, e, tr) lp or N when referring to the diagram, 
“molecules of clua A/ h similarly, the expression “molecules of 
class (e) " will be used to denote all molecules whose absolute velocity 
regardless of direction, lies lietween the limits c and c t ^ that is, all 
molecules whose velocity-points lie within a thin spherical shell of 
radius * and thickness dc with its centre at O on the velocity diagram. 
The velocity-points of molecules of claw A all lie wit hi n a small 
parallelepiped of volume dndrdtc = <fw say (Fig. -38). Also, if r is 
the length of QA, c 3 - a 2 +tr 3 . 

Consider now the effect of a collision between two molecules 
whose velocities are represented by the vectors Ok and OA respec¬ 
tively (Fig. 239). Then the middle point M of AA" is the velocity - 
point of the centre of gravity of [he two T 
because A 1 "A represents the velocity of the 
molecule A relative to the molecule A P and 
its velocity relative to their centre of 
gravity must be ball A'A. The velocity 
of the centre of gravity is unaltered by 
collision, so that the point M is the same 
after collision. If B and IV arc the new O K 

velocity-point a after collision, M must be ng. 
the middle point of BB*- If we draw OK 

parallel to the line joining the centres of the spheroa at the moment 
of impact, and LN through M parallel to OK, then we may, if we 
choose, take OK as our axis of *r, the axes of r and v being any two 
axe?? perpendicular to OK and to each other. If u , f , tF are the 
components of velocity of the molecule A', and the component* 
after collision arc U. V, W and U' V . \V' for the two molecules 
respectively; then, aince r, ip, 4 sire all unchanged by collision, 
we have 

Y — r, W =Wf V f — W J uf .... (1) 



Also the total momentum along the w-axis is unaltered, and the total 
kinetic energy U unaltered. These two conditions furnish the 
equations 

the only applicable solution of which is U u\ l = n. liefer ring to 
the diagram, wc see from equations (I) that All and A E' are parallel 
to OK or LX, and, from the values obtained for U and l" that AB' 
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Mtl XK itre Twrpandtartar to OK or LN. Thus, being given the 
velocities OA, OA of any two colliding molecules iinil the direction 
< »K of Their lino of centres sii the moment of impact, we get the 
following simple construction for B, W, the new velocity-points after 
collision : through the middle point *M of A A' draw LN jjarulld to 
<'K ( am I through A, A draw parallels and perpendiculars to LN ; 
these will intersect in I), B r . in short, IS and IT are the reflections of 
A iirul A in the line LN, 

We can now prove the following theorem, which will he required 
immediately: if, of two colliding molecules whose line of centres at 
A intact is given in direction, the velocity- 

Q;;: iiVl'iv.vi'iO tl,e one ,icB •“ tllc «uall pandlele- 

l_ piped A (Fig. 2-10) of volume dMdvdw = dm, 

— — - and the velocfcy.ppmt of the other lies in 

B' X pAUelepiped A' of volume 

=,1m ; then, after collision, the 
I'i,-. 2 * 4 —Vi-iadTj^iiu.mm. viilocity-pbidts of the two molecules will lie 
within parallelepipeds B, B', whose volumes 
“■■p itO ■JU’O conngclot 1 with dw T dio by the reE^tion 

^ l iill' = t! IhJ tfw\ , , + ^ 

For, from stint lias just been uttid, A imd If are elements of the 
same long thin prism parallel to LN, and similarly .V am) B’ t wliile 
the length of B {measured parallel to LX) is equal to that of A', 
and similarly the lengths of ft' and A are equal; the theorem then 
immediately follows . 1 

370. Number of Collisions of a given Type Total Gain of 
Molecules of a given Class, Our next stop is to find an expression 
for iho number of collisions of the type diseased in thu last article 
wliidi occur in n given small interval of time dt. Since the wjpatv 
diagram is symmetrical about the point 0 , the densitv of the vetodtv- 
points is a function of e am! ( only,* where - fa the distance from 6 
Let this density Ire denoted by f{t), then the number of molecules iu 
c)ftS » A « AW*” Similarly, tho number of molecules in rinss V' k 
fryU. Wo shall, for shortness, «ill a collision which conforms 
with tho subjoined coed it ions "ooltiflKHi of type 

(1) One of m colliding molecufca belongs to doss A mid tho 
other to A\ 


1 Or,filgia.mLca]ly r (iitH«# LT,,i/ t Wa te( f. y'- c - \ V - rjl ■, f 
1 AMIHdI| tf 10 *« "M i“ tu kit ".rEiclcp the ih-n^tv fax u t _ ^ 

present, la btf r^arJed i&ji n iniwiion at tie tlBtt i ^ well i f -f ' ' V P r ^ 

might U writWCe, (1, bat this is MAh*™! " ° f rclwit J' ‘ [t 
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(2) The di ration of tho line of centres of tho spheres at I he 
Moment of impact, drawn from a hxed t (OK, Fig. 239), Hes 
within a vary thin cone of solid angle dX. 

To find the number of collisions of type « which occur in the 
interval of time tfi w imagine a sphere of radiiiH <r (the diameter of a 
molecule) to be drawn concent riett I ly round every molecule of class 
A (Fig. 241). From the centre 0 of the molecule draw lines describ¬ 
ing tho small cone CIl whose solid angle k r/A, The portion of 
surface of the sphere enclosed by the 
cone will have an area crrfA. On this 
area as base erect an oblique cylinder 
DE> w r hosc generators are parallel to 
the line A A' and are equal in length 
to qdi t where q is the scalar magnitude 
of the velocity represented by AA ! 

(Fig. 239). Imagine every molecule 
of class A to tarry with it the sphere 
so described with the little cylinder 
attached, lhe direction of the cone and cylinder remaining always 
the same ; then a collision of type a will occur whenever, at the 
beginning of tho interval di the centra of a Molecule of china A 
finds itself within one of these small cylinders. For the velocity 
of a molecule of chuss A" relative to one of class A is represent*! by 
A A' in direction and magnitude, it will therefore be able to travel 
a distance yt .It in time dt t so that if its centre lies any where within 
the small cylinder it will reach the base within tho interval dL 1 he 
spheres will then be in contact altd their line of centres within the 
cone. 

If & is tho angle {which must be acme) between the axis of the 
cylinder and the axis of the cone produced* the height of the cylinder 
is qdt cos tf rind its volume ir qtr cos so that the I otal volume of all 

f he i yliriders is/(c)rW^ cos J0rfA«ff. Since the number of molecules of 
dm A' in unit volume of the gas h /(F>/<V + the number contained 
within the space occupied by the cylinders ia/^J/fOl^ 1 ™ AluthadktL 
Thus we get 

A’wrffer tftclUtiin* ej ftf* a iw timaiztftfiW)'!** «* tlK4i, 

which therefore give* the lumber of molecules lost l>y doss A in 
time ‘It owing to collisions of type a. 

We ahull now consider n collision of the opposite type—one 
which furnishes a gain to ehtss A, Let » collision be called a 
“collision of type fi* if it fulfils the following conditions; 
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(1) After collision one of the molecule h of cla&s A anti the 
other of class A", 

(2) The direction of the Itne of centres at the moment of impact* 
Hrikwn from ii fixed point, li&a within the thin cone of solid angle d\. 

Referring to Fig, 239, we see readily that lie fore collision the 
molecules must belong to classes R ami R' respectively, but the 
direction of the line OK is that from the centre of the R J inoleculo 
to the centre of the B molecule,, not iw versa} Con^ueiitly, just 
as in the ease of a collision of type rj, we get 

jn^ter »f of lft* $ in time di=fyC)AQyq*'w* 

where Q - 12 U f + V s + W- t (7 s - IT* + V* + W* ; and this h the number 
of molecule.;- gained by class A in time dt owing to collisions of 
type jl 

Now, since we proved in Art. 3&9 that dlMD' - dudes', we find that 

Th * net Jahi iu number* te elasx A *n time dt tine to eottmo** qf types a anti 0 U 
abjfbrnienNy equal to m 

UlCJjflC’j &dudut'd\dt r 

To find the net gain to class A, in the interval dr, due to collision* 
of Jilt possible tyjiea, we jniust integrate with respect to d<„' and dX, 
that is, for nil cIlssos to which the other colliding molecule may 
belong, and for nil directions of centre* at impact. The total 
number of molecules gained by class A in time dt is thus - 

ff ? r/u dtjj{/{CjjlC) -/yc'i/vo’)) f eoa d rf.il' <A . , . (lj 

The number of aioleeulfti in class A at the beginning of the time is 
/(*>*<“» therefore the increase in the number during the interval is 

&*»“« .. <» 

Equating (1) and (2) we get 

Jpfc) =s* / J WO)/CC') <{<m9tin'dk . , {3} 


1 Fig. at!) tin \Mtk drawn m tint the tine OK m ftonj the watte of the A 
hTOkcule to the centre of the- A' molecule. If, after „ 4M.lhn3 un „f re™ 0 tllo 
velocities of both (nolicnh s w.te riltmJtaoeomsly reverted, they would retrace their 
jMiths, and their Anal velocities after re-impact would t„ th* original veferitlw 
svv«rBewl. But to reverse the velocities without reversing the tine of centre* E ivcs 
the Mine diagram (turned threqgb ISO) ag ir WO reversed the Hoe of centres on j 

Jr?fi L]|C YClOffltiftF UER'lllEtf;(!rj J 

* »rfrtly opeakin*. live ict. ^l aigw should ho written here, since rf«- is a 
dEifcrentist or the third order, end d\ u „e of the second order (see Art 877 where 
the iategritioiJ is earned out). Xo ambiguity can however arise from tie m of 
Ihv above abbreviated notation. It i* of course understood that when we re„i My 
JlMft’ by dud* we must ’UftKM that, l*fore integrating, C and C fa, well u 

‘TT J A n l *T 1 *’ ’’ *’ *■ * *' being treated a* 

coiwliiiti m t ih-ctiDg tht inlogTdtiDUfi 
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This h the statistical equation for a gas at rest in which the 
molecular velocities are equally distributed in ail direct ions; and it 
is from I his equation that the function / p whose form we are seeking, 
is to be determined. 

When the gas is in a steady state, the left-hand side of this 
equation vanishes, therefore the right-hand side vanishes also, This 
condition is evidently secured if the function / is of such a form that 


■ - c*i 


for every type of collision. In the next article is given Boltzmann’s 
proof 1 that this is the only possible solution; after which the 
determination of the form of the function/ is proceeded with, 

371 + Boltzmann's H-Theorem, We shall use the following 
notation: Let be the value of /(c) when any arbitrary value 
c 0 is given to r and any value, say f - 0 to the time, so that fU\ } ) is a 
constant of the same dimensions - as /(c) ; and put 



-A*L 

A^ 




(i) 


Let us now consider the variation in time of a quantity II defined 
hy the equation 

H=/fkg# *^p 


the integral being taken over the whole space in the velocity-diagram* 
Differentiating under the integral sign, we have 



rfw- 


N(>w 3 since 1 * 1 r! £~-\ we get, hy equation (3) of the last article, 

cl / 1 C,i \ c'l 

= ,C f,jf [1 + 1d s * >«o » awj -/wwnt «*»* 

It is obvious that we could also put 

'v'dw 

and t proceeding as before, get the same value lor dll d(, except that 
^ would he written for Adding the two expressions for dHfdl 
and halving, ws get the more symmetrical result 

! 5 =4 ^/// (2+106 

» loe. eif, p- 92. 

J The quantity i» introduced in order taaroifl wri tills tog/W 1*8 i» pnualty 
done) when fl,c> i<f no* nficm dimensions, W f|uantitifa of luiiod dimensions do UOt 
occur in physic*. 
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Aguh, we may write H =jv log Mil or fVlog H'dir imd ubluin the 
lu4t result with small tetters mid capital* interchanged, that is 

W mi /C„ ) jl *****'> \MM -ytCl/tC’lt® cos * rfA uKJ .m', 

mill if we put 'fluffin' for rfilJfjf' according to equation (2), Art. 369, 
ami again add the two expressions ami halve, we gel finally 

if “ J J lufi ./i.O.vit;') c > -jle]/iS))>] cos t> t/\ tlueltn’, 

where we have replaced y, q' r M'' hy their values given by 
equations (l). 

The expression under the integral signs cannot be positive, for 
we Imve seen that 0 is always acute, so that cos (t is positive, and in 
fact, that >! c<* ftU is the volume of a small cylinder in the gus-spneo, 
which must always lie positive; while the sign of the logarithm must 
always be opposite to that of the expression in bracket*. Thus 
4B ,lt " « lwa ? s native, unless /{C)/(C'}-/(e)/(r') vanishes fur all 
tyjres of collision, w hen siH/df also vanishes. But if the ga* is in a 
sternly stale, H will Ik> consutit in time and */]| dt must vuiihj this 
condition can therefore only be fulfilled if 

Ama)-A*W)^o. 

372. Deduction of Maxwell's Law.—Tho equation 

ACWC)-yre)yto=o ..... a) 

has now been shown to be a necessary and sufficient condition for a 
steady state of the gas. The four quantities r\ C, (J are not 
independent, for the kinetic energy of a colliding pair of molecules is 
unaltered by iroltisiun, m that 

«C?+ii(i , ^^+fcic' 3 , * „ # _ 

[\\t mr~ T r w*~-- it T m(? = X s mC ■ = V T juid write 

„ 8 m . , . {An.-ill) 

then /(•) =/(-’ u )r* fx \ and (1) mad (2) become 

iK-\)+V)=tfi)+*(y}; x +Y=*+J,. 

Blindn»ting V, we get 

£)+#*+*- 

Xow this is not an equation connecting X, and *, which are 
obviously independent ; it is an equation which demands tint the 
function * shall he of such a form that it is true fo r a |i ¥ilJu f 
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X r -f, und y, W 0 may therefore differentiate partially with respect to 
X p r, Hind tf> oh twining the equations 

X)=-0 

*"!■* +If- X)^{y) r 

whence 

where A U a constant which is the tame for all elusse# of molecules. 
Integrating, we get 

^Jr)= -Ai + CCrtlftt, 

or 

yW^"*"** (3) 

where A is a constant. This is the mathematical expression of 
Maxwell* law of distribution of velocities. It states that the density 
of the velocity points in the velocity-space is proportional to 
where r. is the magnitude of the velocity and hm a constant. 

The proof of Maxwell** law can lie extended to the case of a 
mixture of two gases* the masses and diameters of their molecules 
being m t m t and ?r t oq respectively. Thin is iho taec considered by 
Boltxmaiim If f(r) and F{* t ) are the correapoiulhig functions repre¬ 
senting the density of distribution of the velocity!joints, the result 
arrived at is 

AO^Af hm ^ r Fte^A,*-**^ 

where A T A : , and A are constants. 1 

It h important to no Co that the same constant A occurs In the 
formida for each gas. It can also he shown that if the gusc* are not 
mixed, but are In thermal equilibrium, Lc. energy is free to pas* from 
one to [he other, then tile constant A is still ihe same for both* 

373. Definite Integrals—Before proceeding to deduce the 
physical consequences of AfnxwdT* law, it will l^s convenient to 
evaluate certain definite integrals which are of frequent occurrence. 
Consider the integral 



We may write 

1,*=/ I «■*%= / \ <'^ +J '“W i r. 

*ty /* Jn /( 


J Huksmum, tix r cit. chajn, L TV theoroni (3) uf Art. ME> do« net *j.].3y, but 
Jacobi's* itLetliwl uf tftiluforaiiliti migrate ruli bfl uhdJ mjtfeftd {mC Wi llihmLm V 
liil&jf-iil Gulculu*, ch*p + L,v. I, S*a mho Es. -I >U I 111? cud <*f till* acL-tlno, 

5 ,Tu4a^ p /Jynumka l Thmrif of Gmts t [*. 125. 
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If wo regard r anil y m coordinates of a point referred to 
rectangular axes OX, OY (Fig. 2 f 2 ) T then dx dy la an element of 
urea h and I a " is the surface-Integral of taken over the 

square GACB> where OA - OB - <?> Transform¬ 
ing to polar co-ordinates, wo see that the Integrals 

| | e' Ar1 rtfft/r und | I « -AT Viflfr 

' n * ft * '# 

represent the same surface-integral taken over 
- quadrants of circles through A, B, and through 
C respectively. Since the integrand is always 
positive, the value of I s a is intermediate between 
the values of the two integrals just written. Those are immediately 
integmble t their values being 

respectively, Both integrals converge to the value u- 4 A when a 
tends to infinity, wo have therefore 

l *=| -'^=4^ ■ • . . (D 

- S| 


Y 



O A 


FIs. ?ii 


Also, by direct Integration 


i 


V"W 

2\ 


( 8 ) 


If WO different in te fc times with respect to A, wo get the general 
formulae 1 (e being written for /„ and hm for Al 


fur A) 


I f < - <2t -1) v# 

-. ’ 2* +I (AHi) k+ * 


I ' 


k+l-iwt*, 

r itrz 


ii 




Ml 


(3) 


(4) 


If those integrals are taken from - * to + x , instead of from 
0 to i, than, since *r lT is an even function of c t the right-hand 
side of the aquation would be doubled in ( 3 ) and would be zero in (4% 
Another integral which we shall require ts 


f . . 


(5) 


1 The forrauliie iSi *eh 1 i li e>n h- written in the liable form 
” r/*+l\ 
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Putting p. = sc - n 

| A 11 * jl (|Ll+ K 

' b * - * 

but 


F Jjii, — jl jiA 4- 2d J 1 ",^ >K ' *t]n 4 - **jr ~ 

therefore 

4 « ' *’ + («*+i)jT*' >V 

Changing the sign uF n ica tills, w p e get 

I z 1 * lr “*^£e st - jra " **4 (*- + |) | c" *'Up, 

■ * ■« 

iherofore (5) is equal to 

oc ” ■*' + TT i i | c~ H \i#i B 


In thin expression we may write 2 | r^rf/i instead of j r 

■incfl e~*’ is an even function of fu We obtain the formula in a 
more genera] form by writing j y \ \ a ■* v% vie. 


( v ! 




?y\ * If SXe’+l | 

}^=.^ 4-^-j * '***). (0) 


374. Velocity of Wean Square—Temperature. -We have now 
to determine the meaning of the constants A ami ft in the formula 


jW=Ac' W , 

The number of molecules whose velocities lie between the values 
r and r is 

r f\t)tlta= At ^ in- ^/fi# r 


A!id t since /(c) depend* on the magnitude of the velocity and not on 
ite direction, this number h goL by ^utnnving the number in all the 
element of volume on the velocity-diagram which mahe up the thin 
spherical tfbetl whose internal and external radii arc t and c+^c 
The volume of this shell is irc^t; substituting this for tL? r we get, 
if <h is the number of molecule* whose velocities lie between the 
given limits, 

A qL ^ J tir p 
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therefore 

* * 

where r is the total number of molecules in unit volume of the gu& 
Integrating with the aid of formula (3), we have 


therefore 


HHct 





Cl) 


To Km) S the mean square velocity, we have 


?*!( -■ 


|V“* i4M1 

J*. 


therefore 


* a 

^=3i- 


The value of the mean velocity ■’ is less im|K>rtaiit ; it i« 


l f* , -i 
W J n \ 

3r/^* 


We may observe that ■ ^1) i 80 that the velocity of menu equate 


is some what greater than the mean velocity* 
IF we put kmr* = x i ikt the formula 




V w W« 


w e get 


# 6 * -J 

- .rv ifyr, 

" >r 


In Fig. 24 the curve “■ is tnced ; since &U = dir/ L - r it 

■ follows that the area of the narrow- atrip between two ordinates 
whose abscissae ore - r &nd/ + d,r is equal in numerical value to the 
ratio of the number of molecules whose velocities lie between c and 
r i ttr to ihe whole number, and therefore* by summing the areas of 
any nlimber of successive strips we see that the area between any 
two ordinate* give* the proportiomtto number of molecule* which 
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posses* velocities between the corresponding limito- The area 
between the whole curve and the usds of j is of eour m equal to 
unity. The maxim uni ordinate corresponds to a velocity equal to 
which may be called the most probable velocity, 



In the ciiLsc flf a mixture of two gases, or two gases in thermal 
equilibrium (see Art. 372) T since A is the some constant for each, 
we have 

* - ■ * - (3SJ 

so that the mwi kinetic energy of molecular translation is the same 
for both. Hence the condition for equality of temperature on the 
kinetic theory is that ihe mean kinetic energy of molecular agitation 
should be the same for the tiro gases. The temperature of a 
is therefore a function of the molecular kinetic energy only. We 

shall now show that if the temperature of a g;is be defined as a 

qmnttittf pwperiwmi to thf hw/ii molwular kin ft it energy vf translative 
then the gas of ^he kinetic theory will obey the ordinary laws of 
gases. Referring to the equation of a go* given in Art. 89 p viz, 

jir=Hti + . .... (a) 

put R - NR® where N is the number of molecule* in volume v when 
',he g;is is ut standard temperature and pressure ; so that 

pr X It,,**.. 

If c is the volume of unit mass, then NVa = l t and 

wpr- K,,*. 
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Here K p is constant which is the same for every gas; 1 thus the 
temperature of a gas on the ordinary gas-Rente is proportional to 
jnpr r the ratio being the same for every gas. 

Now equation {!) Art, 368 may be written 

i*yw 

and this equation shows that, on the kinetic theory also* mpv is the 
same for all gases at the same temperature. Thus we may define 
temperature on the kinetic theory by the equation 

2AR.e = l (4) 

where K„ is a universal constant, aml the ga^ of the kinetic theory 
will obey all the laws implied by equation (3). 

In addition, AvugodroV law is shown to hold, for if the two gases 
are at the same temperature and pressure 

Hf“= fc fj* i ^ (Biiii Art* 53 ) 

therefore 


or, if iwo gEiae* Eire at the same temperature and pressure, the 
number of molecules in unit volume is the same for both. 

The simple form of molecule we have been bo far considering 
hn# only three degrees of freedom and its kinetic energy eh wholly 
translational. In ihe more general theory, in which the molecule* 
are not supposed to he uniform spheres, they may possess rotational 
energy and may also be capable of executing internal vibrations. It 
has been shown that in such casein (fit entry# is equally divided armntj 
ail the degrees of freedom* This is called the law of equipartitton of 
energy. For the simple spherical molecule wo have 

= Ihi^- |hop* = =4!yk 

If we had a mixture of two gases, in one of which the molecules 
were spheres such as we have beau considering, and in the other 

1 Toc&lfiuUte Urn *ap|rtn« ih« gw to be nt siamkrii tatapHntar* sod [mgfun 

l\fc \\u.t p = ieia2x m aud wvz=mfp which i.n the &*me for a El gm* b v 

Avp^wlm Uw, Fur oxjgn* p - 0 0QH2i>. jcj -£2 * 1 0 " 4 gtminm«i (or uu Ex. 4 r 

p, &&4,j ( which gives lb - 1 '3£ x 10 3rt . The quantity vhteh h usually 

taken u th* odiversml gus-eaE-teiii is not H,, but ptR^/rn, wber* * is the molwulsr 
weight, Thk h»« the advioUge that its caLaolaliaii dwi net require a know 
of m h which id the most uncertain of the shove miniWM. In t|„ : CM c f oxygen, 
potting ^ = 32, we get#iiym = S3 *0**10* Tbu vsjnfl gi\t>n in Kaye nul LiLvV 
Tii^J o/ fttrobtf Chemical UmMmnia is 33 13 * in- ergs per gramme* 

fi ikt Jctltf , nn pp. -60 t JU TIjv kinetic eueigy in *11 ppo*^ j [o Ik- expressed 

in term* of the priDdji4;ce^iaste»cf the tytlttii [«e Koni h^a 

*«!, l P mh »>- * * nnj *r*t«u** tliflWwitisl ca-dflcknW ih>- independent 

M-ardi nates* t*ch «**ldinnt* reptewlitig one degree of trend om. 
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' ver <h stay, smooth ellipsoids of revolution, the hitter would have live 
degree* * of freedom ; then the mean energy corresponding to each 
of these eight degrees of freedom would be the same for each, and 
eyual to 1 4 it. Thug the definition of tem]>erntiirc applies also to 
gases with mare complex molecular systems The principle of 
equipartilion of energy h a statistical one. and in gene nil applies only 
to the mean energy of a large number. 

Jt will be Ttoticed that the skt of the uu»9Cottles does not enter 
into the final results of the foregoing investigation. In fact, ns 
Jeans has shown/ .Maxwell's law hold.' even for large molecules* 
But the calculation of the pressure (Art. 55) hold* only for infinitely 
sunnll molecules, since the centres of molecules cannot come into 
contact with each other or with the walls of the vessel. For molectiies 
of appreciable size the actual pressure will be greater- than that 
given by the formula pr = 

375. Specific Beats. It may he inferred from the example given 
in the last article that if we have two gases, the luolccnles of the one 
having more degree* of freedom tlmn those of the other, and if we 
increase the temperature of each ga* by the same amount, the former 
will require more energy to he communicated to it than the latter ; 
in other words, the specific heat is greater when the molecules have 
more degrees of freedom. Let ns suppose that the molecule of a 
gas has n degrees of freedom. For a smooth rigid sphere fi= 3, 
for a smooth rigid figure of revolution ri = 5, and for a rigid body in 
general n = 6. In wliat follows all the quantities arc supposed to he 
express I in dynamical uni tit Let U he the molecular kinetic 
energy' of unit mass, then, since the kinetic energy of translation of 
unit mass is ir 2 , and this accounts for three degrees of freedom, 


U = *^NJM-=l*Kfri r 

If we give a small amount of heat r/Q to the gas, 
dQ - d \J ph' = 1 n -fptfr 


fArt. 31&h 


Let Cjj and C> be the specific heats at constant, pressure and constant 
volume respectively, thou 




1 Lx. cit. jk. (*i m 

- \(p T La the actual presAur®. than, to a first *ppr*timitign 3 *), where 

*wa itfUatant, ahd = jf - four tiin« the vulume of the inoteenlea in tJ sc 
r being the vqIuiilb of unit nun (nea nete* p. 4S3). 
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i r u*f>. is 


but 

vttiJp c/o v jf ) p* 

therefore 


V^U%+m r 

I ho ratio of the specific heats is given by 


The value of y for mercury vapour, and the inert gases helium, argon, 
etc.* is -5 (slightly less for helium), Tbeao gases behave like the 
sample gas of our theory. The inert gases arc held to be monatomic 
for this reason together with the evidence of their positions in the 
series of the elements, and the fact that mercury vaponr is known 
on other grounds to be monatomic* For oxygen, nitrogen, and 
hydrogen, y- \ very nearly, so that the molecules of these gases 
behave like smooth figures of revolution. 

The values of the tprtifie heats in thermal units may be calculated 
from the formulae 




h 




if. 

35* 


where R' p U the gas constant (note, p. «04). Putting ,) ^ 4*] gj , 10', 
R ( = S3 1 jj * 10", 11 -■ 5, ffs got the fullowing values: 


Gu. 

J' 

& 

J ' 

tikfe. 

Otp, 

Oic. 

ObL 

Ait . 

Hydrogen , 
Oxygen 

Kitropo . 

1 ___ 

0 J 2«3 

y-trr* 

0-2174 

0-2484 

0 2374 
3-40D0 
0-2IJ5 
0-2438 

0*1710 

2-m 

*■» 

+■§ *■ 

01721 

2 102 

+ p + 


The experimental values, taken from Health's an< \ j 0 |y, fa|jiliS 
(pp. 2G0, 254) are reproduced for comparison. ,\ Yery cjo8(J ^ 
Bicm cannot be expected, since the formulae make the'specific heats 
independent of temperature and pressure, which is known not i.o'he 
strictly true (Arts, 102, 1 62, 16,1), 

The Observed value of 7 for chlorine is about j, eoirmpoudina to 
n = 6. Many compound gases !1L d , flpoiir6 gjve m] ^ ( 

corresponding io integral values of w P 1 

376. Gas subject to Gravltation-Atmnsphe,*.^ ortj or to 
find the law of distribution of velocities in a C0 | Umn of &li wWoh ifi 
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under I he action of gravity, we may proceed as follows Suppose 
we have two similar coin inn* of the same gas in equilibrium at the 
^irne tomperattLre mid pressure, and under the action of no forces, 
then the distribution of velocities will bo that which we have already 
determined. Cadi the two columns (of which one is represented in 
Fig. 244) P and respectively, and let v v he the 
number of molecules per unit volume. Consider the 
distribution of velocities in a than horizontal stratum 
X 0 Y 0 in each, X 0 Y„ being t Liken ;i> the plane r~ 0* 

The number of molooulee of dnss (u, r + w) is, by 
Art. 374, 

>j^y e -k+* + *i-*b utlfdv , . (l) 

Now suppose gravity to act on ij but not on P p 
The velocities of molecules in X a Y 0 will be initially 
the same an both columns, but if a molecule from a strait inn XV 
whose height above X 0 Y 0 is z enters X. Y „ its vertical component of 
velocity will be vV- + 2$; in tj instead of w as in P. Tbtia differences 
will appear in the distribution in the two columns. But if The 
number of molecules of class* (ti ± r a n?) in the stratum XY were 

^)V^ +rf+ * + *Wr«f* . . . <2J 

in i), then the number of class (u, r, \ 2gz) would by the same 
mle be 


File. *«. 


which is the same a* (1 ) r and the same number would therefore enter 
X rj Y u as in P, nod they would there have the appropriate component 
of velocity w t just m in P + Thus* by altering ihe distribution of the 
molecules in the manner indicated* wu can make the stratum X 0 Y 0 in 
^ correspond to the state of equilibrium in I\ Moreover, every 
other stratum such as XY would be in equilibrium also, for the 
law of distribution expressed by (2) is the same as (1), the factor 
e-**"* 4 (which does not involve the velocities) meaning that the 
number of molecule* per unit volume in the stratum XY is 


.(3| 

If then, in a column of gas under gravity, v varies with height 
according to equation (3), while Max weirs distribution of velocities 
holds in every stratum, and the temperature (which depends on A) 
is the same throughout, the column will be tu equilibrium. 1 


1 Tb m«lo yf rirgument ii ganere), *nd apptiea to 4 tf-as udiE^t any 

iv-htcm rhf i;i:in.^rvative farce*- If E - |ivi(u*Hr rt 2 } *nd x ht tin? |X)E*nUJi] C&frEjfy 
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If Pi >» the density at the plane of reference, and p the density 
at the plane whose vertical co-ordinate is r, then, since p is pro¬ 
portional tO I*, 

( 4 ) 

We may arrive at the same result l»y another method, if we 
assume that, on thermodynamical grounds, the temperature must be 
the same throughout. Consider first the total amount of momentum, 
measured in the positive direction of the ;-;ixis, which Hows across 
any borisontu] ptaim whose uvea is S. Let there be in unit volume 
*j molecules of class (* r tr,), v, of class (»., r r wA and so on, so 

that 

v“r,+* f +*,+*!«. 

1'hc number of molecules of class (iij, r,, wj which cross ft in the 
positive direction in time <it is the number contained within an 
oblique cylinder {cf. Fig. 241) with base S and of height the 
generators of the cylinder being parallel to the resultant velocity r, 
and of length \<U. This number is i-^ftdf, and the momentum 
carried by them across S is on-,!(,*&«, so that the total momentum 
carried across by aj] classes is 


JfJiSi/i . Er.w.* (5) 

for all values of n, the factor h being introduced because the negative 
values of «, which arc equal in number to the positive values, belong 
to molecules which do tint cross S. But expression {5) also gives 
the total negative momentum carried across ft in rhe opposite direc¬ 
tion, and since the withdrawal of negative momentum is equivalent 
to the addition of positive momentum, we see that the total gain of 
momentum of the g»» above the hori xenial plane is 


hut 


nSw: 


therefore 6he total positive momentum ^mnrA through S j n 

time ili is, since m? p, equal to 


Re turning now to the consideration of the column of g JM under 
gravity, the fetal momentum, measured upwards, contained within a 


„[ * Jiiek-cuk ih *n> eqaipateatial stratum, Wbile ,, ia the i^ Uo r fnr tb. «,ni 
pot«uliil surf™* x=0. the Dumber ot moWnk» of clow {„ , rl „ 

stratum x » 
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horizontal stratum of thickness tiz must be constant, And is id fact 
zero for a gas at rest. The momentum entering list lower surface i* 
pS*rtf# p and the momentum leaving the upper surface is (p i tlp)$t^dt T 
nr being the same for both* as the temperature h uniform. The 
molecules in the stratum* being under the action of gravity* lose 
momentum gp&dzdi in time tlL Equating then the total Idas of 
momentum to zero* we get the equation 

feif^/p + l/ l flSrf:=0 F 

therefore 

1f3 1°5 “ F* 

n& 

or, since 1 P 

us before. This method of proof h equivalent to the ordinary hydro¬ 
static method, but, when we regard a gas as consisting of u number 
of discrete molecules, w* cannot directly speak of the pressure 
which one portion of ga* exerts on another. We may, however, 
define the pressure at a point in a gas as the total momentum per 
second which passes perpendicularly through a plane of unit area 
at the point. If the gas is in motion, the point must he supposed to 
move with it, is. in such a way that the total mass passes through 
a small plans at the point in zero, however the plane may bo 
oriented. The momentum is then measured relative to this plane. 

If the cd himn consists of a mixture of two or more gases, then 
the above method of investigation shows that the distribution of each 
gas is quite independent of the others, the lighter gases tending to 
predominate at the top of the column* since the exponential factor, 
which involves m, differs for different gases. 

The AtmospkvrtJ — Owing to solar radiation the earths atmo¬ 
sphere is very far from being in a state of thermal equilibrium. The 
temperature of riic earths surface varies greatly in different latitudes 
and at different seasons, and is also modified by the presence of large 
land-masses in dliferent quarters of the globe. The greatest annual 
extremes of temperature occur in the interior of continents in high 
latitudes, the diurnal variations being also considerable over land- 
The direction of the prevailing winds is affects 1 by the rotation of 
the earth. Clouds have a marked influence on the temperature of 
the earth's surface and of the air in the lower parts of ihe atmosphere. 
The temperature of the air at different levels has been studied by 
mean* of sounding bfllloons, provided with apparatus for registering 

1 W P u Moo* <■ , fkmrijitirt Mtiwr-of *>$*/, Libiji. vJJL J*nn\ h*. W«, Gh*(*, xv. 
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the temperature and elevation. The temperature of the atmosphere 
In general diminishes with height, at llr^t irregularly and then nearly 
uniformly up to a height of about 10 kilometres, above which it fe 
nearly constant. The atmosphere may be conveniently divided into 
three regions ; the first,, extending from the surface up to about 
3 kilometres, the region of strong disturbances and of clouds* 
The temperature diminishes with height on the whole, but inversions 
of the temperature gradient are frequent, especially in the early 
morning. The second region* extending roughly from about 3 kilo¬ 
metres to 10 kilometres* is generally free from dense clouds, the 
cirri Homing in its uppermost Layers. In this region the tempera¬ 
ture diminishes nearly according to the adiabatic law, that Is to say, 
she variation of temperature is approximately such that a mass of 
air brought from one level to another, and allowed to alter in volume 
udiabntically till its pressure is equal to that at the new level, 
would be at the ^uine temperature sis the surrounding air. Lord 
Kelvin has called this a state of rmwtdirt i^pnlUrrium} The tempera¬ 
ture at the top of this second region varies from 40^ C. to 70' C. 
The third region, the existence of which wm first discovered by 
Tfifeaeranc do Bort p begins at about 10 kilometres. It is usual I v 
referred to as the iydhermfd lager* The temperature h not quite 
uniform in this layer, it usually increases slightly with elevation up 
to the limits of observation — about 2G kilometres. 

The serration of the constituent gaae* of the atmosphere by 
gravity indicated by the kinetic theory would not be appreciable 
except at great heights, even if the air were in equilibrium. The 
variation in the proportions of oxygen and nitrogen ought, however 
to he quite measurable at the greatest heights attained in the iso¬ 
thermal layer by sounding balloons. At GO kilometres the air should 
contain several per cent of hydrogen, and at 100 kilometres it must 
be nearly all hydrogen. Of course, the absolute amount of the 
hydrogen i s excessively small, since at the surface, where it is 
greatest, it form* only about 0 01 per cant by volume of the air. 

It has been suggested by G. J. Storey that, in the highest parts 
of the earth’s atmosphere, the swifter molecules of a light gas smeh as 
hydrogen would have sufficient velocity to escape from the earth’s 
attraction and pas* away into apace. Later calculations, 3 however 
indicate that the earth should l*e able to retain hydrogen and all 
other gases. The retention of an atmosphere by other members of 
the solar system should depend partly on. their masses mid partly on 

1 J. Cirrk JlajwcU, Thctity of Hml, p. S21. 
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iheir temperatures. Thus the absence of un atmrapheni on the moon 
can tie. accounted for by ils small mass* Mercury, which m a ssaM 
phi net nod nearest to the sun, is believed to be devoid of atmosphere. 
Mara could not retain hydrogen* and perhaps not even helium, but 
about J be able to retain water vapour and heavier gases. It is 
known to have an atmosphere* though not a dense one. AH the 
larger planets have dense atmospheres, 

377. Number of Collisions,—The number of collisions which occur 
in one second in unit volume of a gas can be calculated from 
Maxwell*# formula. The number of collisions per second which lake 
place between pairs of molecules of classes (*„ *\ tr) and (h , r, w ) 
whose lino of centres, drawn from a fixed point, lie* within a small 
solid angle d\ is, by Arts, 370, 372* equal to 


A , * - 0) 


and we Slave to integrate Lhtft for all possible lines of centre# and for 
all values of c and z. We shall require the following theorem: 

Let OF lie a fixed radius of a unit sphere drawn round O as 
centre (Fig. 245), and let PQ t PQ J he neighbouring area of great 
circles, and the shaded area dA an element 
of the surface of the sphere included 
between the arcs PQ. PQ J and between 
arcs of small circles drawn round OP as 
axis. Let d<f> be the angle between PiJ 
and PQ' t and 2ft (he angle PGQ, Then* 
if the extremity of u ratlins vector from 
O traces out the area dA t the bisector 
of the angle between this radius vector 0 
and OP will trace out a corresponding 
area dA* From the extremity of the bisector OK of the angle POQ 
draw KX perpendicular to OP, If d& is the angle subtended at O by 
dAin the plane POQj then the ares of d\ is NK d$dti = *m 8d$d$ t 
Similarly the area of dA i# sin 2tf d(2d) = 2 sin 2 9it$d&* S\ e may 
therefore write 



whence 


ciw yt A* 


Sow, referring to Figs, 239, 241, n is the angle between the lino of 
centres at impact attd the direct ion of the relative velocity, i,e. the 
angle SMA' (Fig, 839). The angle BMA' is W. Regarding A and 
A' as ftxeJ points, when the line MS (which is parallel to OK) traces 
out the solid angle dA, the lino MB' traces out a solid angle >L\. 
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Since tf lttikV have any value up to a right angle, the point B may Me 
anyivhere obi the surfn.ec of a sphere round M as centre. That is- to 
&4vy, wo have to integrate cos over a hemisphere of the unit 
sphere, or Jtf A over the whole sphere; thus the integral is s\ 

The total number of collisions per second between molecules of 
dmwe (« p f-, w) ami Ui\ ■ w'} is tlierefore 


* rA , V. . . (2) 

We have nou ! , while keeping fixed in magnitude and direction, 
to integrate for all possible values of that is, to find the total number 
of collision* per second of class (u T r t w) with 
all other classes* Lot OA (Fig, 24G) represent 
the vector c, and GA' the vector t\ With 
centre A draw a sphere of radius q (which 
will pass through A') and another of radius 
q + dq. Let # bo the angle UAA P t then if we 
draw another radius close to AA' f in the plane 
OAA’ t the small shaded area ou the diagram 
may he represented by qdq\W. If the plane 
OAA is turned through a small angle d^ 
round OA as axis, ihu shaded area will sweep 
out a small volume ^ sin on the 

velocity’diagram, Wc shall take this small 

volume as du! instead of dad/dw\ The expression (2) may now 
be written 



Fijf. ^114-—Vilodir-JlnfPiiik 


wr*A*t - tfdq flirt 

Integrating with re*|*t to i*\ that is, along a ring-elemeut of volume 
ou the diagram, wo get 

JwVA . t ( 3 j 

We next integrate with respect to t*\ that U, for all ring elcmeiits 
which make up t he thin spherical .-hell of radius q r Both r. acid q 
are still kept constant, but c' now varies. We have 

= ,jr3 + r 5 - COl *r t 

therefore 

ede = jc iia 9*d4\ 

{'hanging the variable from if to * , (3) becomes 

-i*yA=V ta, Ai .-fdfj ., v.ie'. 


As «re are integrating over a spLare with A tvs centre, the limiting 
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yjdtHfc of s' art f + q for the upper limit and r - q (or (he lower. If 
q> c t (hat is, if 0 lies within the sphere, tho lower limit will he q- . 
instead of c-j, but this matt* tio difference, since only an even 
function of e i* involved. We have 

{** ^-kv*'- 1 r f -^T t 

'Jhm 1 p 

therefore the integration of (3) gives the expression 

-l^v-ns . + . . ,-i: 

kme 1 1 

and this is the number of collisions per second between molecules 
of class K r, «■) and all other clauses for which the relative velocity 
lies between q ami q + <lq. 

Now q may Ins supposed to take all values from 0 to « ; into 
grating therefore between theso limits, wo get. by (C>t A>t, ’li-i, 


+ *"*?-* 1 f'* Vsty) , - 

•* * 


(5) 


t hc total n ii mhor of collisions hetween molecules of class Ui, r, «?) 
ami all other chitses. 

The rate of wastage of class (v, «'), that is, the ratio ..f the 
nuniber lost per second to the whole number, is got by dividing 
(■>} by Ac"* Vw. If /, is this quantity, then, putting for A its value 

i>(/o« v'b, 

Wh. 


A hi 1 CvArn l 


w 


(7) 


The last step in the calculation is to integrate f t?) with respect to 
e f r(jn i o to *>. Putting 4irrVr for <L. a* in Art. 374, and changing 
the variable from <“ to «, where « ~ r ' ftw, we get the integral 

i" i A -i# + o(2*« + J y-*' I t-^dp }rf* 

jAhfJt { i* 

This can be integrated by parts, for since 

the integral of the term involving j i* 

- («*+|*- a I '■-"<(» a - j + |ht- |fa V 
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so that (7) is equal to 



The expression in square brackets vanishes at both limits and the 
vmI nc of ihe integral h goi from formula (3) Art* 37ft, The ex 
press ion reduces to 



This k the number of molecules lost by all classes in one second 
owing to collisions, Each collision means the loss of fctt molecule*, 
one to each class. The whole number of collisions jjer second 
occurring in unit volume of th u gua in therefore half the above 
ex predion, that is 



This number is proportional to the square of tins density and to the 


square root of the absolute temperature, lor a given mas* of gas 
at a give* temperature it varies inversely as the volume, and is there- 
fore proportional lo the premtre. 

As the molecules of a gjts are not elastic spheres, it k difficult to 
assign a meaning to i r for any gas. Jeans 1 estimates the effective 
diameter of the hydrogen molecule at 2 4 10 centimetre. 

Writing ( 8 ) in the form 



and putting v= 2 7a - lo ]1> (Ex. 4 t p. 584), p 10 rt and ^=a K IQ m \ 
wo get I G * 10** as the number of collisions per second in one cubic 
centimetre of hydrogen at #raudnrd temperature atid pressure. 

378. Kean Free Path.—The average distance described by a 
molecule between two successive eollisioiiB u called the mmn fm 
jHifk The term is somewhat ambiguous, I lecansc the average can be 
calculated in different ways, 

if rig the mean velocity of a molecule, then the distance traversed 
in one second by all the molecules in unit volume is k. If n i$ the 
number of collision* which occur in one .second, then, since each 
collision terminates two free fnilu, the mean free path A is given by 
the equation 



J i/OCr til. pp. 
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by An. 37-1 nml (8) of the la»t sirticlt:, therefore 

; * 


(I) 


This is Maxwell's mean free path. Tail determine the mean free 
path in a different way. He consider* a particular instant of time, 
and calculate* the mean distance described by each molecule before 
its next collision. Tut’* mean free path is somewhat law than 
Maxwell’s. This is because, as Boltzmann point* out, in Tail’s 
method one free path is assigned to each molecule. In Maxwell* 
method a given interval of time is taken, and the swifter molecules, 
whoso paths are longer, de«ril»e more paths in that interval, hence 
the average calculated in Maxwell'* way it greater. For Tail’s mean 
free path see Kx. 7 below. 

As should obviously be the ease, the mean free path in a given 
gas depends on the density mid on nothing else. I sing the data 
given in the last article, the mean free path of hydrogen under 
standard conditions is found to be about I '4 10‘ ' centimetre. 


tfjumjJfs 

1 Find the number of molecule* ofck« (c, w) in * S»s *t n-si, tint is, the 
n umber wliCM velocity lies Iwlwwn the limits r and f t rfr. and wW component 
,,f velocity |*mllc1 to'tlm axis of f H« l»twi*n the I unite «* and nj + t/rr, 

|| B t]l0 eiprtmion A t ■ siibsiLlUte for efw the volume of the ring-element 

orsidce <m the vrlocity^tagram, bounded hy -[.heres of radii e ami t**, ft nd by 
plane* wh«sco-ordinates ..re ,»and .r+dic. Thb volume v, found to te a--< 

2m K i TI[ | .Ill)her Of molecule* which cross unit atva of any jdane |wr 

^{Taking tf* plane, to be r r^l.iiwuLw to the s-axi*. tbe number of molecules 

cfel'i- (i. . t .. in an oldi-p.v cylinder vrliwrt ts.se is unit area -d the 

plmc, l ml W || 0 «H ^Uerator* arc parallel to the direction of e and «t length nit, » 
p l ^ tA j 1(J / Tl £ Tn jf in chi se will cross the plane in timerft, I’uttin^ «*+■ v 
for*, and int'gntll'fl for w and r from v. to +n>, and for ir from 0 to n, wo 
Sail the munbor wneainK in on.- dirwtion to be nfSxriui or i»c, The number 

moptng in both. lUniitHD* ia 1 V£ >1 , ., 

H, Ihnw that a gw, will be bn ayrtUI.rimu if the law ef distribution of vclodHcs 

S 4 flc)= Ae - *"*. where A Alld X infcOOBBtotit!- ... 

1 'If A and A' f Kij*’ 3S0J arc any t"'i ]siiut- ,>fi ttn> velwity-diagram, in.' Velocity- 

v-unts after eollisinn of the oom-»|«i«li«£ * in ** hilu "^ i ** ° I ; po " i, '‘ 

H.ds ..f a d [ureter or ..Our.) drawn MU AA a, diameter. The number of 

collisions is clearly proportional to the product Of the denatiM of velocity (*inte 


TilEOKY Or UK AT 


Oll.M'. 13 


tfiG 


At A and A", that i-Np to/(c i/fr). If then we uu dakhDihfl tin: form *0f/[e) no a* 
to make this product a constant for fell pftvr* nr e* IremitiL* =r of diaiflftttr* of fetty 
sphere* no clHuts C«n gain juoImoScs at ill# of any Other class. Now, 

gBomstrkally, OA B + OA‘* = 3(COI : *-i-MA t ) ± which i* a domtaut for oach sphere, 
therefore Ibo theorem fottow* Immediately. Baltzm*nn*s H dtumr&m ie r^uired 
to pvo that thin solution in the only onej 

4. Kite ml ihn theorem of Eit. (3) to tins tiise of a Diistura of two guttA 
jin this case the jM&Jpt M divide A A, invonalj ft-H the rnaflAfla m h Nig. After 
cuUiaion, B lien "H thf -rune sphere ^ A, mid B ( on the same sphere fen A s - If wo 
rjfcti ilelrrmLliK /bd mid Fie,) *o as to iuako /(<) FJ^i a emi*t4m[ for all of 

»pjMi-ite one oik one sphere mui one oil the other, and nh-v aatLafy the 

condition of E^h we shall Wo ^ rahitian of tti-H [riobleuu But in this cabc 

niQA d t- :o IUA ■ = m M A- h t MA j a -r ; h» - ia a JO^I* = conit (*w GVwy * utl fo 
AWiuG 11 - 34 J p 11 1 ere fore the n«e^wry conditions afp fulfilled by putting 


/I0= ArF(t 1 )=A,r J '-'i^ 


wlke?^ A, A p alail A arc arbitrary EohatatitH.} 

jt. ] j i it 3 i eAiwnineui of BerthtiUets, two equal glebca, one filial with alight 
anil tin* other w itli a heiry gas at the **mn Ulil|i 4 r«tUK mid pennon, Wtre 
pUced vi i r 3h the LI^Ik t gwi upprumait, When eornmiiuidiitiou was oj.^ncd 1 ■>■ 
mmm of a ^tepcoek, the gas--* trn? found U* h.- completely mived in ± short time* 
Awmiuing th * 1 gaH** to Lm: moiiiiotuLe, find the diminution of tfiupiTitue, if D is 
ihc vertical di'laufi* ktwnin tlLe rthtpwtjf tliO ylobes r 



ij. If n v molecule* of cla^s ‘,i J h f h ir) *tutt from the piano i - lind Low ninny of 
them will reach the plane :=% without coltiaUra, 

{The tilin' mkiHi li> through any stratum of thiekue-^ if- in dzf rr g anil if n 
fa tin? nttmbdff ’jn^achiTig this stratum & fautejtc 0F the&e an* by collision in the 
stratum ^ Ark B 7 i]. We hare therefore 



VL' lt.'h.,M. 



jThe A^yragate diitajiu Imrclkd by » nmlecnlee or this ekha Ljj o Dc amnd j 9 
Kf, and the munber of collision* b tbiiffffon If \m intirgrata to i^et 

the mp*n for itU value* of e, wh* get Tail’* mmn fnfd }i&iIl 
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379- Irreversible Processes*—It h&a been already puiriled out 
(p. 790 footnote) that the encounter uf molecules are dynamically 
strictly reversible. One of the moat remarkable reaulta of the 
kinetic theory k thut it enable* us to account for process which 
ere found in practice tri be irreversible. To lake a particular 
instance, let sis suppose that a mas* of g&i, not in equilibrium, is 
enclosed in a rigid envelop and left to itself. The molecule* are 
assumed to rebound from the walls of the envelope in the manner 
explained in Art. 369, so that the total energy remain a constant. 
Since the gas h not in equilibrium, ihc quantity H (Art. 371) will 
initially have a value grenler than. the minimum value, but according 
to the theorem of that article, H will it&dily diminish till it attain* 
the minimum value, when the gas will he in equilibrium* It may 
now be argued that, since a molecule is just si_s likely to be moving 
in one direct ion as another, we may conclude that if, at any stage ol 
the transformation, the velocity of every molecule were reversed in 
direction, the gai would he in a state which is just as likely to 
occur m the state in which it actually ia* The value of H k not 
affected by reversing the velocities* and, as the gaa will obviously 
revert to its original condition {with velocities reversed), H will 
itv*i ms* till it attains its initial value when all the collision* have 
occurred in the reverse order. This argument is perfectly valid, 
though it is clearly contradictory to Boltzmann's H-thoorem. On 
referring to Art* 370, we see that such a possibility k not absolutely 
excluded. The argument there given is really baaed on the theory of 
probability, for we have assumed that the number of mulecmfca of 
Clara A contained in u given space is proportional to the magnitude 
of that space, and we can easily conceive a special distribution of 
molecules to exist which does not fulfil this condition. Such a 
distribution would, however, he extremely improbable, as Boltzmann 
has shown. 1 His argument, in outline, k substantially as follows. 

1 /,**:. *IL 3&-47« 
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The whole space on the velocity-digram may be supposed to be 
dmdhd into a number of small cells, all equal to one another. 
Subject to the condition that the total energy of the gas given, it 
is regarded as equally probable that the velocity-point of a given 
molecule should fall in my one cell or in any other. We can 
construct a very large (though Unite) number of possible arrange 
incuts by distributing the velocity-points among the cells in different 
wavs. Each of these arrangements is then equally likely to occur. 
We may* for instance, assign all the velocity-points to a given cell : 
this can he done only in one way. Or we may assign half the 

joints to one cell and half to another ; thi* can he dona in sis many 
TOiyg as we cm select J» out of a things (n being the whole number 
of molecules), and thk is a very large number. We infer that it is 
very much more probable (hat half the molecule* have one velocity 
and half another velocity (an direction and magnitude) (han that till 
should have the same velocity. It is then diown that the greatest 
possible number of arrangements corresponds to the case in which H 
in a minimum, !.*. that in which Maxwell's law holds. Small 
oscillations of the value of H about its minimum value are not 
improbable and in fact will occur, but any appreciable deviation 
from Maxwell's distribution will be extremely improbable. We 
may summarise the result of this argument by saying that the 

process by which a gas initially not in equilibrium attains a state of 

equilibrium is dynamically reversible hut statistically irreversible. 1 

We may even devise conditions in which Maxwell s distribution 
hi never attained- Thus if a gas is contained in a perfectly smooth 

cylindrical vessel and n initially in rotation, the moment of 

momentum round the axis of the cylinder will persist throughout. 

There arc three irreversible processor which are especially 
important \ these are diffusion, viscous dissipation of energy, and 
conduction of heat. If a vessel contains two gases, originally 
separated, as in Berthoilet 6 experiment, it, is clear that the molecules 
of each gas will penetrate into the space occupied by the other gas* 
until the two gases are uniformly mixed. This process is called 
diffusion* Again, if a mats of gas is mX in motion and left to Itself, 
the currents will rapidly dfe out and the gjis wdll eomo to rest* the 
maSMuergy appearing finally as molecular energy. In feet, if two 
neighbouring strata of gas arc moving with different velocities, the 
exchanges which take place between them will tend to equalise their 
velocities. This effect is the same os if tho strata exerted a 

t Boitziaann &howfl that llle cELtiojvy of ii tnuorioifeift g** may tm takflli *b 
to - H Am 380}. 
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tangential sire*# on each other, bo lhal a gas behaves as a medium 
possessing ruewfy. Thirdly, if different portions of a gas are at 
different temperatures, the interpenetration of molecules tends to 
produce equality of temperature throughotit the mass. Tima a gas 
possesses erarfafttity for heat. These three phenomena correspond, 
as Maxwell points out, to exchanges of matter, of momentum, and of 
energy respectively last ween different parts of a gas. In the case of 
a g»# consisting of molecules of the kind which we have been 
considering, no rigorous mathematical calculation of the coefficients 
of diffusion, viscosity or heat-conductivity lias yet been given. The 
elementary method of discussion adopted in the following articles, 
though instructive, i* open to grave objections which will be pointed 
out in duo course. 

380. Viscosity. — Let the gas irndor consideration be regarded ms 
made up of parallel plane strata, all moving in the same direction 
w ith velocities projjortional to their distance* from a fixed plane 
corresponding to the stratum at rest. The direction of motion is 
supposed to be parallel to the fixed plane, so that each stratum 
moves in its own plane. The temperature and pressure are assumed 
to be uniform throughout. This is the case of a gas subjected to a 
uniform shearing stress. Let the fixed plane be taken a* the plane 
of ay, the direction of motion being parallel to the *ax». Then the 
velocity of a stratum whose co-ordinate is r is or, where a is a 
constant which will Iw assumed to be small. If we draw any plane 
parallel to the strata, then, as explained in the lost article, wo may 
regard the gas on one aide of this plana a* exerting a tangential 
stress on the gas on the other side. Let this stress be ¥ dynea per 
square centimetre. Then, by the definition of viscosity, if 7 is the 
coefficient of viscosity 

where «„ is the imiss-velocity of the stratum whose co-ordinate is 
Tint. u u = az, therefore we gel 



We shall assume that the distribution of velocities in every stratum 
i* Maxwell’s distribution, except that the whole stratum is moving 
with a uniform velocity tic in its own plane. Consider a stratum of 
thickness <h at a distance i from the piano of reference, and let ue 
calculate the total momentum per unit area per second which is 
carried across the plane r = 0 by molecules from the stratum reaching 
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Unit plane. The number of tnolemilBs of class (c t re) per unit area of 
the stratum in 

- r \ Hut He Hz (Ex. 1, p. 8lfi 

■ 

At! lli&t the number 1 of this class created per second hi unit a rea of 
the striitmn is, by (fi) p, 813, 

X ™tfic rft d., ■ 

Wld the number which reach the plane r - 0 is 

^\ /l ™ l f " hmc * f drr - *- th ( Kx- e, |«, are (l 

Each of those molecule* carries a momentum maz across the plane 
r = 0 + therefore the momentum carried across unit area of the plane 
z = 0 per second is 

' s J L ^" A w " r_ * - w-tfi 

Integrating with respect to 5 from 0 to x r remembering that all the 
qUAntitim are positive except *r s which is necessarily negative, eiuce 
it refers only to molecules whieh are travelling toward* the plane of 
reference, wo get 

We have now to integrate with respect to re from e to o, and with 
respect to r from 0 lo x, This give* 

/ f A i-V * iHr *tc 

• I, - — ■ 

flitting/' for ' Aia, this transforms into 

Zip 

where vK») tho sa,llL ' manning ns in Kx. 7, p Hlij This Iasi 
expression represents the total momentum parallel to th« «xj* of r 
wbidi crosses unit are* of the plane * - 0 per second fioin the positive 
to the negative aide. The negative momentum erasing in the 
opposite direction has ihn smite value; these have to f* added 
together, se that the tangential stress V i-. got hv doubling the Iasi 
expression. Equation (1) then gives Uh 
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Again, putting 1 iritrV’2 = X (Maxwell's mean free path, p. 815). 
anti 2 <xhni = <■ (the mean velocity corresponding to the temperature, 
p. 802) we get the formula 

tj— * . „ . * (jtj 

where 

y _ 2 \ 2* | * s*t ~ Im iL 

i { m 

B k a numerical coefficient, which has been calculated by Boltzmann 
and Tait+ the value obtained being 0 a -305*.> 

Since r, depend* only on the tciapomttir^ and A is inversely 
proportional to the density p T the viscosity is independent of the 
density. This law was predicted by Maxwell and has since been 
experimentally confirmed. At very low pressures, when the mean 
free path h comparable with the dimensions of the ve&gcl enclosing 
the gas, the viscosity falls suddenly and rapidly n& the density i* 
reduced. 

The formula (2) indicates ill at the viscosity is proportional to the 
square root of the absolute temper&liire. Experiment shows that it 
varies with temperature rather faster than this* and that ij is propor¬ 
tional approximately to B" p where a is 0-68 for hydrogen and helium 
ami 0 96 for carbon dioxide, with intermediate value* for other gases, 1 
It may be inferred from thi' that the molecules of an actual ga.* do 
not rebound like very hard spheres. 

For reasons given below, the niiinei icaE factor K occurring in the 
formula Is to Ihj regarded with suspicion. We cannot directly tcsi 
the formula by experiment, a* we do not know the value of ir T which 
is required to evaluate A. lean-4. 1 quoting Chapman, gives 0 L 499 ns 
the most reliable value of B* obtained by a series of successive 
approxiniLilions, Assuming this value for 11. the formula may be 
used to calculate o from the observed value of the viscosity. In this 
way the value 3 08 UJ~^ cm, is obtained for hydrogen. 1 This may 
be compared with the figure* 2 m \ * I0 _s (Art, 377) obtained by 
calculations based chiefly on the deviation from Boyle's law* 

In the foregoing investigation we have made three assumptions : 
(l) that Maxwell's distribution holds in every stratum* (2) that the 
gais is in a steady stale at uniform temperature, and (3) that iht- 
Qumbcr of molecules gained or lo-^L by any da** is unaffected by the 
relative motion of the strata through which tho molecules pass. 
When the velocity gradient s* small* f,c. when a is small* the third 
assumption is justified, because The path of a molecule k in general 
extremely short. The tir^t nsamnptkm i* the most open to objection, 

Jc-.mH, 1*1. tit* |v UCi J JraiMp toe. t£.1. |». 3 Jc^Ubh foe* n7, ji. XV*, 
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for it is clear that Maxwell's law fun not- Isold strictly in a stratum 
which is continually acquiring new member* from other strata which 
are in motion. It is also obvious that the convention of mass-motion 
into molecular motion tends to cause a rise ill temperature. We 
might suppose the gas io be in a steady state if it were enclosed 
between parallel planes moving with the gas and maintained both at 
the same temperature. Hut in this case there would be a steady 
temperature gradient front .the middle stratum to each boundary,. 60 
that conduction of heat would occur from the interior to the bound¬ 
ing planes. Aa wo shall aae in the next article, there ia a dose 
connection between viscosity and conductivity, and that Maxwells 
law cannot be umimed for a gas which is conducting heat. 

33 L Coefficient of Self-Diffusion, — It will be convenient to make 
the following preliminary investigation : 1 Suppose we have a column 
of gas, which wo shall take to be vertical, in which some property of 
the molecules is the aame for all niolectiles in the samp horizontal 
stratum, but varies with the height of the stratum. We may 
suppose that tin* property ia measured by the magnitude of some 
quantity l* f which is carried along by the molecule in ita flight 
If ; iti- the vertical distance from some fixed horizontal plane, then G 
s* to be considered as a function of but not of the velocities. We 
propose to calculate the amount of t hi* quantity which i* earned in 
one second across unit area of any horizontal plane whose co-ordinsite 
is i. We shall assume that the density of the gan i.s uniform 
throughout, and that Maxwell s law holds for every stratum. 

If ifX is the number of molecules of elan- (r, w) which cross, unit 
area uf the plane in unit lime, then, by Ex*. f 1) and p. 815. 

4 N — ^ 1' * 1 v* 'trr firr dt , . L „ . ] j 

If \ T k the distance travelled by a molecule since its last eu 
counter till ii reaches the plane 4:, then this molecule must have 
come from a stratum whose co-ordinate k : "V, Now 

approximately, since A' i* small, and therefore thb latter expression 
may be taken :is the amount of the required quantity Carried across 
the plane by the molecule, Summing for all the molecules, sfN in 
number, we get m the amount carried across by all molecules of 
ihk dim 
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where liA is the sum o[ 3*]] the paths of the mukcul^. Putting 
SX'== .k/tNj K will, owing to our assumption of Maxwell's Lw p be u 
function of c only, and its value will be r ; Jt (fix. 7, p. 816} + The 
expression (2) is therefore equal to 



Substituting for M its value ils given in equation (l) t and integrat¬ 
ing with respect, to ip from - c to + c p wc got, if dQ is the amount of 
the quantity sought due to all molecules of class (c) p 


4 1- dQ /SS!? c v - 
** = «*v t * t 

Putting iT for'' v'Aw, and integrating from 0 to * , we get the whole 
quantity Q p due to molecule* of all classes, in the form {see Ex T* 
p. 816)' 

t _ dQ r<r*r-'* t L- 
'■ '1rr\ A <ii d*J„ ^*1 


With the dotation of the last article^ this may he written 

Q = Brtt .(3) 

If we suppose the horizontal n rata to move relatively to each 
other as in the last article, and put G = wa:, m that G is the hori¬ 
zontal momentum per molecule in the stratum ^ we got the same 
result for the viscosity as before. 

The coefficient of diffusion of one gas into another may lie defined 
as follows. Lei the vertical column consist of two gases A t and A„ 
which may be supposed to have been originally separated by a 
horizontal partition, which has been withdrawn. At any stage of 
the mixing process let there be in a stratum whose coordinate i& : a 
number r L molecules j^r unit volume of the gas A L and i- a of the 
gas A*. If N t h the number of molecules of the gas A L (supposed 
uppermost) which cross unit area of the plane z downwards per 
second, then if we write 

^4= l J u^7 


l> r , Is the coefficient of diffusion of the gas A l into the gas A r The 
simplest example which we can tote is the case of the diffusion of a 
gin? into itself. To fix our idling let us suppose that the (-uluuin 
consists of a single gas. the molecules in the upper half baying been 
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ftrigitmlly coloured red and those in the lower half blue. Then if 
N, and i, refer to the red molecule * T urn! if wo write 


N. 



L> is the coefticietH of sc) (-diffusion. In formula (3) G is equal to 
unity far a red niolcenk and equal to zero for a blue one t so that 
we may pul G equal to the ratio of the number of red molecules 
U> the sum of the numbers of red and blue in the stratum. Thus 
tf p - i) + 


therefore 



dr L 

rfe r rf:" 


Also Q K ln the formula then becomes 


and we get 


N i - B.\r **' P 
az 


L» - IIJw, 


The viscosity anti noJf-ilifFtiskm are then connected by the simple 
relation 


n - Dp. 


A more rigorous calculation 1 give* the result 


1 *«*, - Da. 

lo this cose MoxwcII'h lmv holds, of course, for thu mixture ns n 
whole, If/j oud/j lire the demiting of distribution on the velocity, 
diagram for ihc red «inl blue molecules respectively f Art. ;572), we 
have 

/,+/*= A* 

The error we have made is in tacitly assuming that / aud /, are 
each proportional to e whereas they are functions of a? as well an 
nf e, The red molecules in the stratum are, in fact, on the whole 
moving downward and ihc blue upward. Tin* is due to the fact 
i hat the gas is supposed to have come to the given state from a 
previous state in which the mixing was less complete. Thus the 
value obtained for L> is too low. 

382. Conduction of Heat.—To apply formula (3) of the last 
article to the calculation of the conductivity, we suppose that there 
is a vertical temperature gradient in the column of gas, ftf ,d attribute 

' Jeans, lor. r if, p. 333, 
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to each molecule the mam energy of all the molecule* of ihe stratum 
from which it is sup|>osed to eome^ that is f wa put 

G = 4r«e^= ^ (pp* 80#^ 


Equation {%) Ai t. SB l thou become* 

(13 

where Q is t.h« transmission of Item per second |H 2 r unit ansa of the 
pkijc. But if * is the conductivity for heat, « i* tie fined by the 
equation 


thus, comparing i l ) and (-), we oblain the result 

>r= 

The conductivity anil viscosity, according to this equation and 
(3) of Art. 380 r are connected by the simple relation 

g= T ■ , # . ‘ {®) 

Before criticising this result-, we may at once state the com luiions 

which have been arrived at by more rigorous method^ Maxwell, by 
assuming that the molecules are point centres of force repelling 
each other with a force proportional to the fifth power of the 
distance, obtained the relation 

r^fOv - - * - ■ * W 

and it ha* been found by Chapman 1 that this relation is nearly correct 

when the force of repulsion, varies as any higher power of the 
distance. This includes the haul spherical molecule m a limiting 
ta*e s the force of repulsion varying as an infinite power of the 
distance. The numerical factor in (4) is supported by experimental 
evidence. Measurements quoted by Jem* 11 *how that for the mon¬ 
atomic gases helium and argon the factor 3* nearly 12'5, her diatomic 
and other gases the factor I* much less, A formula has b*en given 
by Jeans 2 which agree* extremely well with experiment for diatomic 
and compound gases. This is obtained ns follow * . Adopting a 
suggestion of Euckeu's, that formula (3) may apply to the rtMioml 
enoi gy transmission he writes the numerical coefficient with a mean 
value between that of (3) and (4) according to the number of degrees 
of freedom corre*|)oiiding to the rotation*! and interna] energy and 
to the trailabtiomd energy respectively. Thus if the molecule has 

1 FMl FtatiS,. 1VUI, ^ *37. a Sl7 ' 
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a degrees of freedom, three of these belong to the translational 
energy, ad that the numerical factor is 


*x|+ : ;n-a: i_ 


In 


=i(G>-s) 


which gives the relation 

t - i(3y fiJC* 


(Art, 


Thu following table (after Jeans) give* the values of the conductivity 
And the viscosity (at 0 C.) of a number of gases. 


fill. 

L<jOdBcUvUy, 

w 

ViKMitty. 

H 

totam'nlk 


Hydrogen . 

0003070 

‘wmm- 

1-60 

l’OO 

Helium - 

■Q0O3S60 

■OO0ISH 

2 a* 

2-41 

Air + 

■OOOOMfl 

■000172 

1 -si 

roi 

Oiygeo .... 

■0000670 

'Qwm 

1-33 

l-EHD 

Nitrogen . 

■oooosea 

'000106 

3 "01 

1 *&1 

Argun 

■ooooaae 

D0O2IO 

2*48 

2'44 

Carbon mosstuMa 

■00005426 

troiea 

l*S3 

1 ■01 

Carbon diovid* 

wocHtar 

D0OH2 

1-52 

1*72 

NitrvuJ oxtde + 

■00001151 

'imm 

1-72 

173 

Mtrio «dds 

13000555 

■000173 

I'M 

im 

Ethyleae , 

'0000407 

-ooooiwi 

I’5D 

1 '55 


The formula connecting conductivity and viscosity leads us to 
expect that Hie conductivity, like the viscosity T is independent of the 
density. This w.i:- also predicted by Maxwell, and was verified by 
Stefan ainl by Kinn.lt and Warburg. Maxwell stated that the 
rondiir-tiviiy varies direct]}- ;ls the absolute temperature. This would 
Fie strictly true for a gas composed of molecules repelling each other 
according to the fifth-power law, hut k not in good agreement with 
experiment for actual gases. For the ga* composed of hard spherical 
molecule* the conductivity varies us the square root of the absolute 
temperature. 

Returning irnw to the calculation by which formula (:i) wah. 
arrived at, we can ~ee that it is still more open to objection than 
the calculation of viscosity, We have attuned that the density k 
uniform, wherens it ilmunidu* with temperature when the pressure 
U con fit an t. This proljably does not matter very much, as the mean 
free path iiiem^* in pro|wrtbiu We have also attributed to ench 
molecule. not h* own proper energy, but a mean value; this also 
might nut to introduce a large error, Much the most serious^ objec¬ 
tion to she method k the nipt ion that Maxwell's law holds for 

each strut mu. Wo may conceive a column of gas to he built up of 
very rhin strata, each with Maxwells distribution of velocities, and 
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Jill iii the same pressure, the temperature and density varying Jiccord 
ing to the proper laws for a steady slate of conduction, whatever 
those laws may be. If the upper and lower boundaries of the column 
arc kept at their appropriate temperatures ami the gas otherwise left 
to itself, it will not be in equilibrium, for each stratum is initially 
in a state in which there is no heat transmission. The mode of 
calculation is in fact designed rather to find how a gas so constituted 
will begin to conduct heat than to determine the conductivity in a 
column with an established temperature gradient. Wc may ahw use 
some of onr previous results to show that the column it no! m a 
steady state, tor the pressure is given by the equation p '. - 1 
(Eq. 2, p. 803, and 1, p. 780), while the number of molecules 
pairing out of unit area of one side of a stratum per second n 4* 
(Ex. 2, p. 8J5). CMnjMiriog two neighbouring strata, wo see that 


which requires that the density varies inversely as the tem^rature- 
Hut for cquality in the number of molecules exchanged, we require 

which is inconsistent with the equation first written. 


1 
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